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Chapter 1

General introduction

1.1 Are parasites a selective force in the European house mouse

hybrid zone?

1.1.1 Hybrids are not an average of their parents

Species can be defined as "groups of actually or potentially interbreeding natural populations
which are reproductively isolated from other such groups” (“biological species concept”
proposed by Mayr (1942)). Hybrids appear when two species, or more largely two genetically
distinct populations, meet and reproduce (Barton & Hewitt, 1985).  Artificial animal
hybridization may be almost as old as selective animal breeding itself. A common, old and
well known example is the mule, hybrid of a female horse and a male donkey, especially

enduring, able to transport heavy burden, but sterile (Leighton, 1967).

Hybrids can be superior than both parental populations for specific traits such as size, strength
and growth. This phenomenon, called heterosis or hybrid vigour, is especially pronounced
when parents come from two inbred populations (Crow, 2001a). Hybrid vigour is maximum in
the first generation of crossing, F1, where heterozygosity is at its highest. The dominance
hypothesis states that the increase of heterozygosity in hybrids leads to the purge of
deleterious recessive mutations in homozygous. According to the overdominance
hypothesis, heterozygosity at one locus can even improve some traits compared to parents
(Crow, 2001b). Overdominance is for example one of the possible explanations for the

maintenance of high levels of genetic diversity of Major Histocompatibility Complex (MHC, set



of genes coding for proteins involved in vertebrate immunity) (Read & Smith, 2001; Sommer,
2005). Finally, interaction between genes could participate in hybrid vigour (positive
epistasis; Schnell & Cockerham, 1992), as was shown for the growth of the well-studied plant

model, Arabidopsis thaliana (Vanhaeren et al., 2014).

However, hybridization does not necessarily result in hybrid superiority for all phenotypic traits.
The heterozygous advantage can be counteracted by genetic incompatibilities arising from
the second generation of hybrids, when recombination breaks down coadapted complexes.
Firstly described by Bateson in the early 20th century (Bateson, 1909), these incompatibilities
arise from the admixture of (at least) two alleles that have never before coexisted, and
therefore create deleterious effects when brought together from distinct populations
(Dobzhansky, 1936; Muller, 1942; Orr, 1995). Later work on Drosophila hybrids showed that
these incompatibilities commonly involve three genes or more (Cabot et al., 1994; Palopoli &
Wu, 1994), and interactions between genes (negative epistasis; Larson et al., 2018). Hybrid
incompatibilities can affect hybrid relative fitness, i.e. its reproductive success compared to
other genotypes of the same population, in this case the parental genotypes (Krimbas, 2001).
Total or partial hybrid inviability or hybrid sterility can act as reproductive barrier between
two genetically distinct populations (Coyne, 2001). In case of fertility decrease, Haldane first
described that the heterogametic sex is the one more likely to be affected (Haldane, 1922).
Moreover, some speciation genes (genes underlying reproductive isolation; Wu & Ting,
2004) have been identified, mainly in the genus Drosophila (Oliver et al., 2009). The prdm9
gene identified in mice is so far the only vertebrate gene known to participate in hybrid male
sterility (Mihola et al., 2009).

Traditionally, hybrids were thought of as a rarity, but it seems now that a large proportion of
plants (10%) and animals (25%) can produce hybrids in nature (Mallet, 2005). Not only
studying hybrids allows us to understand the mechanisms of speciation, but hybridization with
introduced species can threaten autochthonous endangered animals, making studies of
hybridization relevant for conservation biology (Simberloff, 1996). Stronen and Paquet (2013)
also argue that the specific ecological role of hybrids could justify their protection by
conservation policies. Moreover, hybrid zones represent melting pots of genotypes that allow
to explore the impact of genetic diversity on several physiological systems (e.g. reproduction,

immunity).

In this thesis, we focus on a well studied system, the European house mouse hybrid zone
(HMHZ).



1.1.2 The European house mouse hybrid zone, a tension zone

The house mouse (Mus musculus) is the most widely used animal model in biomedicine.
However, the vast majority of inbred lines used nowadays are not “natural” animals: they
originate from pet mice from the late 19th and beginning of 20th century, and are mixtures of
four different subspecies (Davisson & Linder, 2004). The common ancestor to all Mus
musculus subspecies originates from the Indo-Pakistani cradle. Several subspecies emerged
after expansion from this cradle, commensal mice following human migrations (Boursot et al.,
1993). At least five subspecies have been described based on phylogenetic analysis: M. m.
musculus, M. m. domesticus, M. m. castaneus, M. m. molossinus, and M. m. gentilulus.
There is a wide range of evidence that these subspecies are not in complete reproductive
isolation, and that gene flow can occur between them in zones of secondary contact (Auffray &
Britton-Davidian, 2012). In Europe, M. m. domesticus (hereafter Mmd) and M. m. musculus
(hereafter Mmm) entered into secondary contact around the Bronze Age after having taken
different colonisation routes, respectively south and north of the Black Sea, and, thus,
diverging (mostly) in allopatry for about half a million years (Duvaux et al., 2011; Geraldes
et al., 2011; Geraldes et al., 2008). This secondary contact formed a belt of about 20 km wide
and more than 2500 km long, running from Denmark to the Black Sea: the European house
mouse hybrid zone (hereafter HMHZ) (Baird & Macholan, 2012; Boursot et al., 1993)(Figure
1.1). Despite the fact that they can form hybrids, these two subspecies differ in several traits
including pelage color, tail/lbody length ratio (shorter for Mmm than for Mmd) (Boursot et al.,
1993), boldness and activity (Frynta et al., 2018), and male aggressiveness (Dureje et al.,

2010).
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Figure 1.1: Approximate course of the European house mouse hybrid zone (purple line)
between Mus musculus domesticus (blue) and Mus musculus musculus (red) areas.
(adapted from Baird et al. (2012). Green square: Heitlinger group transect.

Through the HMHZ, the gene flow between both subspecies is not completely interrupted, and
introgression of genes from one side to the other happens (Macholan et al., 2011; Macholan
et al., 2019; Macholan et al., 2007; Raufaste et al., 2005). Hybrids between Mmd and Mmm
are highly recombinant, presenting a range of genotypes, and no F1 or early-generation
hybrids have been found (Macholan et al., 2007). Numerous genetic studies performed over
geographically independent transects of the HMHZ (e.g. Macholan et al., 2007; Payseur et al.,
2004; Raufaste et al., 2005) give strong support to the tension zone model in this system: the
immigration of less hybridized mice to the centre of the zone, increasing the hybrid population
size, is balanced by endogenous selection against hybrids (Baird & Macholan, 2012; Barton &
Hewitt, 1985; Boursot et al., 1993). This negative selection of hybrids seem to be linked with
sterility or fertility (Baird & Macholan, 2012) and disruption of their spermatogenesis has been
shown (Albrechtova et al., 2012; Martincova et al., 2019a; Turner & Harr, 2014; Turner et al.,
2012).

Additionally, interaction with parasites (in this thesis, we will use the term “parasite” in the
restricted eukaryotic sense, unless stated otherwise) has long been suggested to participate in
the maintenance of the HMHZ. The next section will describe the long-lasting controversy

around this issue.
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1.1.3 Parasites as hosts’ selective factor

Parasites are ubiquitous in natural systems and affect human and animal health alike (Schurer
et al., 2016). Their close interaction with their hosts over several generations and incentive to
develop tactics to escape the host immune system led to consider parasites as plausible
selective force for their hosts (Schmid-Hempel, 2009). There is evidence that parasites can
manipulate vertebrate hosts behaviour, including the part related with reproduction (Klein,
2003). They can also affect their host community structure as was shown empirically in
macroinvertebrates of New Zealand, where nematode density on cockles affect the full
intertidal community (Mouritsen & Poulin, 2005). It stands to reason that parasitic infections
have been hypothesised to be a potential driving factor of maintenance or break-up of species

barriers in hybrid zones (Sage et al., 1986) (Figure 1.2).
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Figure 1.2: Hybrid fitness is reduced in the HMHZ (Baird & Macholan, 2012). Reproduction is
negatively affected in hybrids, mainly via disruption of spermatogenesis (photography: various
sperm heads from F1 experimentally produced hybrids. Figures A & D: normal sperm heads;

Figures B, C and E, F: abnormal sperm heads (source: Martincova et al., 2019a)). How hybrid
health is affected by parasites is a long lasting debate.

The HMHZ is the first animal hybrid zone studied for differences in parasite loads (Sage et al.,
1986). Original results seemed to indicate elevated worm load in hybrids. This was interpreted
as hybrid incompatibilities: after having evolved separately within each subspecies, coadapted

gene complexes in the immune system would be broken down in hybrids, which would lead to
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fithess reduction (Moulia et al., 1991; Moulia et al., 1993; Sage et al., 1986). However, further
infection studies showed inconsistencies. Hybrids showed higher parasite loads compared to
parents with the protozoan Sarcocystis muris (Derothe et al., 2001), but reduced parasite loads
(i.e. hybrid vigour on resistance) not only in F1 (Moulia et al., 1995) but also in later recombinant
crossings F3 and F4 (Derothe et al., 2004) following laboratory infection with helminths. More
recently, a field study confirmed that hybrids had reduced helminth loads compared to parentals

(Baird et al., 2012).

All these different studies disagree on two major points: (1) the direction of hybrid effect of
parasitism (are hybrids more resistant or more susceptible to parasites?) and (2) the role of
parasites as selective factor. Indeed, to fully understand the possible impact of parasites on
animals in the HMHZ, one must answer this question: does a change in parasite load
necessarily imply a change in fitness? Before making assumptions on the impact of parasites
on host fitness, there is a need to explore more thoroughly the different defense mechanisms

of mice against parasites.

1.2 Host immune defenses against parasites

1.2.1 Resistance and tolerance

Parasites are by definition harmful to their hosts, and therefore imply costs (‘Parasitism’,
2019). These can be direct, including tissue damages and drain of host nutrients, or indirect,
for instance, the decline of body condition that can lead to higher susceptibility to further
infections (Beldomenico et al., 2008), or by increasing susceptibility to predation (Bakker et al.,
1997; Ostlund-Nilsson et al., 2005). Hosts can defend themselves against parasitic infections
in numerous ways. The first line of protection is provided by avoidance of parasites. If this
strategy fails and the host gets infected, then the host immune system steps in
(Schmid-Hempel, 2013). Resistance is the ability of a host to reduce its pathogen burden. It
results from host defense against infection or proliferation (Raberg et al., 2009). Resistance
reduces parasite fitness by definition. However, when the immune response targeted at the
parasite causes disease to the host (immunopathology), resistance can reduce host fithess

too (Graham et al., 2005).

To deal with both the direct damages created by parasite infection and immunopathology, a
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second line of defense comes into play. Disease tolerance (not to be confused with immune
tolerance which is the unresponsiveness of an immune system to a pathogen) is the ability of a
host to reduce the damage induced by a certain parasite burden (Raberg et al., 2009), on health
(mortality tolerance) or more indirectly on fecundity (sterility tolerance) (Best et al., 2008). It
is usually measured as the slope of a fitness trait, often a health measurement supposed to alter
fitness eventually (e.g. body weight), on parasite load. It can be calculated in two ways: range
tolerance measures a reaction norm, i.e. a change of phenotypic expression of the fitness
trait in one genotype across a range of environments (in this case, several parasite loads).
Point tolerance instead measures health at one single parasite load. These two measures
can possibly give different results when different hosts present different health conditions when
not infected with parasites, or when the relationship between health and parasite load is not
linear (Little et al., 2010). This can be problematic for field studies, where host health for a
null parasite load and health-parasite load relationship are usually unknown, as confounding
factors (e.g. coinfections, age, lactation status) come into play. Tolerance by definition increases
the overall host fithess for a particular parasite load. Contrary to resistance, tolerance also
increases parasite fitness, e.g. by providing parasite with a longer living niche, the host (Kutzer
& Armitage, 2016; Miller et al., 2006; Roy & Kirchner, 2000).

Resistance and tolerance are costly: in order to defend themselves against parasites, hosts
consume resources that could have otherwise been used for other physiological functions
(Sheldon & Verhulst, 1996). In the next section, we will examine the nature of the costs of
defense mechanisms for the hosts. For the sake of conciseness, unless otherwise stated, we

will focus on vertebrate hosts.

1.2.2 Immune defenses are costly

Resistance can result from a large range of mechanisms, from simple presence of unspecific
biological barriers, to limitation of specific parasite growth. For the latter, the activation of
innate and adaptive immune arms of the immune system comes with an energetic cost to the
host (Schmid-Hempel, 2013). This cost is typically measured by associating individual
parasite load with fitness-associated functions. For example, resistance to parasites
measured as (inverse of) fecal egg counts is reduced in lactating females in several animals
including bighorn ewes (Festa-Bianchet, 1989) and spotted hyena (East et al., 2015).
Lactation is a critical life-history stage for the survival of offspring and resource-demanding to

the mother, hence it is hypothesised to be prioritised over maximum resistance to parasites.
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After establishment of infection, several mechanisms act to increase tolerance, without
targeting parasite growth, but rather the consequences of infection on host fitness. These
mechanisms, much less studied than resistance mechanisms, mainly consist in protection
from tissue damage or from alteration of host physiology, caused by pathogens or by the
immune response (Medzhitov et al., 2012). For example, Reece et al. (2006) have shown that
inflammation in the lungs of mice induced by infection with the hookworm Nippostrongylus
brasiliensis is reduced by the induction of alternatively activated alveolar macrophages. In
another rodent, field voles, Jackson et al. (2014) identified a mediator of T helper type 2 (Th2)
immunity (the transcription factor Gata3) as tolerance marker, improving body condition and
survival upon infection with macroparasites in mature animals. In this system, Gata3 was also
negatively correlated with testis weight, suggesting a cost of tolerance in terms of reproductive

effort.

The optimal level of both defense mechanisms is determined by the balance between costs
associated with parasitism, with resistance and with tolerance (Sheldon & Verhulst, 1996).
Theory predicts that resistance alleles should present polymorphisms maintained by balancing
selection, while tolerance alleles should evolve to fixation (Miller et al., 2006; Roy & Kirchner,
2000). Nevertheless, empirical studies do not all detect such pattern. Laboratory mouse
strains infected with Plasmodium chabaudi (Raberg et al., 2007) present a negative
correlation between resistance and tolerance (a given strain presenting intermediate levels of
resistance and tolerance, high resistance and low tolerance, or vice versa). Similar results
were found in infection of sea trout (Salmo trutta trutta) and Atlantic salmon (Salmo salar) with
the trematode Diplostomum pseudospathaceum (Klemme & Karvonen, 2016). This could be
due to the redundancy of resistance and tolerance, resulting in trade-offs (Fornoni et al., 2004;
Restif & Koella, 2004).

Kutzer and Armitage (2016) noted that if studies addressing resistance are common, those
addressing tolerance are more scarce. They suggest increasing the number of longitudinal
studies and note that a host-centric view of tolerance is unsatisfactory, as host fitness also
depends on the parasite virulence. In its strict sense, virulence means host mortality rate
caused by parasite infection (Anderson & May, 1982); in a more general sense evolutionary
biologists sometimes use it as reduction of host fithess (health or fecundity) upon infection (Little
et al.,, 2010). For the reasons above developed, studying jointly resistance and tolerance is
necessary to correctly assess the impact of parasites on their hosts. Importantly, this requires

suitable host-parasite models, possibly with various levels of virulence in the same host.
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1.3 Our parasite model: Eimeria spp.

1.3.1 Eimeria spp. trigger a Th1 immune response

We have seen earlier (1.1.3.) that the majority of studies (and all of the field studies) investigating
the role of parasitism in the maintenance or break-down of species barrier in the European
house mouse hybrid zone focused on helminths. As extracellular macroparasite, they trigger
mainly a Th2 immune response (Sher & Coffman, 1992). The effect of hybridization in terms of
immune defenses of hybrid mice against parasites relatively to parental mice (higher, lower, or
average) could depend on the type of immune response triggered. For this reason, we chose
to focus our work on an intracellular microparasite genus, triggering a T helper type 1 (Th1)-
mediated response (Sher & Coffman, 1992), Eimeria. In our second Chapter, we considered

also helminths (more precisely pinworms) for comparison.

The genus Eimeria belongs to the phylum of Apicomplexan, which contains only parasites.
Their host range is extremely wide and includes birds, mammals, reptiles, amphibians and fish
(Chapman et al., 2013). They are described particularly well in domestic animals due to their
economical importance, especially in poultry (Blake & Tomley, 2014), but can also be found in
wild animals, where they are potentially problematic for conservation (Jeanes et al., 2013;
Knowles et al.,, 2013; Matsubayashi et al.,, 2018). Each of the >1800 described Eimeria
species is generally considered strictly host specific (Duszynski, 2011), but the recent use of
multilocus genetic markers method in rodents showed that this host specificity could be less
strict than previously thought (Jarquin-Diaz et al., 2020). Eimeria oocysts, the infectious
stage, are released in the environment via the feces and infect the next host by oral-fecal
contamination. The parasites infect epithelial digestive cells of their hosts, which leads to
malabsorption of nutrients and weight loss. The Eimeria life cycle presents both asexual
(schizogony) and sexual (gametogony) phases, and takes place in a single host (Burrell et al.,
2019).

E. falciformis is the gold standard for murine Eimeria research. Host defense mechanisms
against this parasite are well studied (see for example Mesfin et al., 1978; Pogonka et al.,
2010; Schmid et al., 2012) and its whole genome is sequenced and annotated (Heitlinger
et al., 2014). T-cells have been shown to play a major role in the defense against E. falciformis
infection (Mesfin & Bellamy, 1979; Stiff & Vasilakos, 1990). Following infection, interferon y
(IFNy) is upregulated (Schmid et al., 2014), and experimental infections showed higher weight
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loss and pathology but lower oocysts shedding in IFNy-deficient mice than in wild type
(Stange et al., 2012). IFNy could in this respect be seen as a tolerance factor. Ehret et al.
(2017) compared host and E. falciformis transcriptomes (dual transcriptomes) in
immunocompetent and immunodeficient laboratory mice, and in naive and challenged
laboratory mice. They did not find differences in the gene expression profile of this parasite
between hosts, and concluded that E. falciformis does not respond plastically to the host

environment but rather present a genetically canalised (“hard wired”) program of infection.

By considering Eimeria spp. and helminths jointly, triggering Th1 and Th2 immune responses,
we attempted to assess the generality of hybrid response in nature (Chapter 2). On a note
of caution, in the field, one can only assess the impact of parasite species that are prevalent
enough to allow robustness of statistical tests. Using a complementary laboratory approach

can solve this issue (Chapter 3).

1.3.2 Focus on two Eimeria species: E. falciformis and E. ferrisi

In a recent study performed by our group in the HMHZ, three Eimeria species have been
identified: E. ferrisi, E. falciformis, and E. vermiformis with prevalences of 16.7%, 4.2% and
1.9%, respectively (Jarquin-Diaz et al., 2019). Current markers were not able to detect a
population structure for Eimeria spp. in the HMHZ (Jarquin-Diaz et al., 2020). The two most
prevalent Eimeria species, E. ferrisi and E. falciformis, present close ecological niches
(E. ferrisi infects the cecum villar epithelial cells and E. falciformis the cecum crypt cells;
Schito et al., 1996), but different virulence in laboratory mice. More precisely, the life cycle of
E. ferrisi is shorter than that of E. falciformis (Al-khlifeh et al., 2019; Schito et al., 1996). They
both provoke similar symptoms in laboratory mice, mainly diarrhea, lesion of the enteric
epithelium, and weight loss (Ankrom et al., 1975; Ehret et al., 2017; Schito et al., 1996). In a
study using the laboratory Swiss mouse strain, Tilahun and Stockdale (1981) found a higher
mortality rate for E. ferrisi (2 out of 5 mice died when infected with 10° oocysts) than for
E. falciformis (no death observed for the same inoculum). Though, they note that a former
study described another isolate of E. falciformis far more lethal, killing mice from an inoculum
of 2000 oocysts (Mesfin et al., 1978). More recently, using a lower infective dose (200
oocysts) on the laboratory NMRI mouse strain, we observed a stronger virulence of two
different isolates of E. falciformis compared with one of E. ferrisi, both in terms of weight loss
and mortality, correlated with a stronger immunopathology (Al-khlifeh et al., 2019). The

observed discrepancies in these in vivo experiments can be due to potential attenuation of
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virulence in case oocysts are collected early in the infection cycle (McDonald & Shirley, 1987),
to modified virulence of specific parasite isolate over time in the lab, or to different immune
systems of each mouse strain. E. ferrisi has been less intensively studied than E. falciformis;
nevertheless, mortality after infection and oocysts output were found to differ between eight
tested laboratory mouse strains, and T-cells also play a role in resistance to this parasite

(Klesius & Hinds, 1979).

1.3.3 Proxies for resistance and tolerance to Eimeria spp.

Resistance against murine Eimeria species can be estimated by the inverse of parasite load.
In our field study (Chapter 2), Eimeria load was measured by the quantity of parasite DNA
in the infected tissues (ileum and caecum) per mouse DNA. More specifically, we used the
quantitative Polymerase Chain Reaction (QPCR) technique to estimate the quantity of a parasite
mitochondrial gene relatively to a mouse housekeeping gene used as reference (Al-khlifeh et al.,
2019; Jarquin-Diaz et al., 2019). This technique which allows to quantify the internal stages
of the parasite requires to sacrifice the animal, and is therefore an “endpoint” technique, not
usable for time series analyses. We also assessed the impact of infection on host health: body
condition was calculated as individual residuals from ordinary least-squares regression of body
weight by body length (separately for males and females). Of note, this is not an estimation of
tolerance, as individual weight before infection cannot be known in the field (apart from capture-
marked-recapture, an approach that we excluded as it would have significantly reduced the

number of mice and locations visited).

Our complementary laboratory experiment allowed us to measure the parasite load in the
same individual along the course of infection, estimating this time parasite reproductive output
(oocysts count per gram of feces, or OPG). We found it correlated with parasite load at the
peak of infection, and used this second measurement as a proxy for (inverse of) resistance.
More importantly, tolerance could be estimated for each mouse genotype, as a reaction norm,
i.e. a relative weight loss across a range of parasite load, for a given host group. This is

developped in Chapter 3.
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1.4 Aims of this thesis

Aim 1. Solving conflicting findings regarding the effect of host hybridization on
resistance to parasites in the HMHZ. We addressed the generality of hybrid response by
considering simultaneously our protozoan model (Eimeria spp.) and helminths (pinworms), in
a new transect of the HMHZ, including four years of mice sampling. To distinguish between
interpretations of parasitemia we asked if (i) parasite loads are higher or lower in hybrids
compared to parentals, and (ii) if these loads are consistent, or differ, between prevalent

representative helminth and protozoan species. This topic is covered in Chapter 2.

Aim 2. Testing the coupling of resistance and tolerance against two murine Eimeria
species. In a laboratory infection, we asked if E. ferrisi and E. falciformis showed the same
resistance and tolerance coupling patterns in eight different mouse groups. This will inform on
the importance of measuring tolerance, or if it can be predicted from resistance, as the latter is
easier to measure (e.g. in field sampling). An understanding of this potential coupling will
allow to gain insight on impact of parasites on hybrid fithess. This topic is covered in Chapter

3.
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2.1 Abstract

Genetic diversity in animal immune systems is usually beneficial. In hybrid recombinants, this
is less clear, as the immune system could also be impacted by genetic conflicts. In the
European house mouse hybrid zone, the longstanding impression that hybrid mice are more
highly parasitized and less fit than parentals persists despite the findings of recent studies.
Working across a novel transect we assessed infections by intracellular protozoans, Eimeria
spp., and infections by extracellular macroparasites, pinworms. For Eimeria we found lower
intensities in hybrid hosts than in parental mice but no evidence of lowered probability of
infection or increased mortality in the centre of the hybrid zone. This means ecological factors
are very unlikely to be responsible for the reduced load of infected hybrids. Focusing on
parasite intensity (load in infected hosts) we also corroborated reduced pinworm loads
reported for hybrid mice in previous studies. We conclude that intensity of diverse parasites,
including the previously unstudied Eimeria, is reduced in hybrid mice compared to parental
subspecies. We suggest caution in extrapolating this to differences in hybrid host fitness in the

absence of, for example, evidence for a link between parasitemia and health.

Keywords: parasites, hybridization, resistance

2.2 Introduction

The relevance of hybridization, producing individuals admixed between genetically distinct
populations, is increasingly recognized by biologists. Mallet (2005) suggested that
hybridization occurs in more than 10% of animal species and 25% of vascular plant species.
Recently, the realization that humans are also a product of hybridization has raised interest
further (Green et al., 2010). In a conservation context hybridization with introduced species
can threaten autochthonous endangered animals (Simberloff, 1996). Parasites are
omnipresent in natural systems and impact human and animal health (Schurer et al., 2016). It
is therefore important for biologists to comprehend the interplay between parasites and hosts

under hybridization.

The European house mouse hybrid zone (HMHZ), one of the first animal hybrid zones studied
for differences in parasite loads (Sage et al., 1986), is a tension zone characterized by

selection against hybrids replaced by immigrating less admixed mice (Barton & Hewitt, 1985).

20



After 500 000 years of (mostly) allopatric divergence two house mouse subspecies, Mus
musculus domesticus and Mus musculus musculus (hereafter Mmd and Mmm), have come
into secondary contact in Europe as a result of different colonization routes south and north of
the Black Sea, respectively (Boursot et al., 1993; Duvaux et al., 2011). The HMHZ is about 20
km wide and more than 2500 km long, running from Scandinavia to the coast of the Black Sea
(Baird & Macholan, 2012; Boursot et al., 1993; Jones et al., 2010; Macholan et al., 2003). This
zone represents a semi-permeable barrier to gene flow between the two taxa (Macholan et al.,
2011; Macholan et al., 2007). The main selective forces acting against hybrids are thought to
be endogenous rather than ecological (Baird & Macholan, 2012; Boursot et al., 1993), for
example disruption of spermatogenesis in hybrids (Albrechtova et al., 2012; Turner et al.,
2012).

Hybrids in tension zones have reduced fithess compared to individuals with “parental”
genotypes due to genetic incompatibilities revealed on parentals’ secondary contact (Barton &
Hewitt, 1985). As different components of fithess can vary independently, the immune system
of hybrids might either benefit from recombinant genetic heterogeneity or suffer from
incompatibilities. In the case of benefit we might expect decreased parasite load in hybrid
individuals; in the case of incompatibilities we might expect increased load in hybrid
individuals, compared to parental hosts. Parasites are traditionally seen as decreasing their
hosts’ fitness, and differences in resistance to parasites between hybrid and pure hosts were
suggested to affect the dynamics of hybrid zones (Fritz et al., 1999). An involvement of
parasites in the maintenance or breakdown of species barriers, however, has never been
clearly justified or demonstrated (Baird & Golly de Bellocq, 2019). In the HMHZ system, there
is disagreement on both the direction of effects of hybridization on parasites (see Moulia et al.,
1991; Sage et al., 1986, vs; Baird et al., 2012) and on the interpretation of these findings with
regards to host fithess and hybridization (see for example Baird & Golly de Bellocq, 2019;

Theodosopoulos et al., 2019).

Initial results on parasites obtained in the HMHZ and experimental studies seemed to indicate
elevated parasite loads in hybrids. This has been interpreted as potentially leading to fitness
reductions in hybrids, hampering hybridization and thus reinforcing species barriers (Moulia
et al., 1991; Moulia et al., 1993; Sage et al., 1986). Infection experiments using the protozoan
Sarcocystis muris led to a similar conclusion (Derothe et al., 2001). Other laboratory
experiments, however, showed either no effect in inter-subspecies F1s on helminth load or

even reduced load in inter-subspecies F1s compared to pure mouse strains (Derothe et al.,
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2004; Moulia et al., 1995). In 2012, more than two decades after the original field studies
(Moulia et al., 1991; Sage et al., 1986), Baird et al. found, (with much larger sample size,
clearer sampling design and more up to date inference), reduced helminth loads in hybrid
mice (Baird et al., 2012), especially for the pinworms Aspiculuris tetraptera and Syphacia
obvelata and the whipworm Trichuris muris. It should be noted that the design of the field
studies preceding the Baird et al. (2012) reappraisal usually suffered from low sample sizes
and/or maintenance of mice under laboratory conditions before assessment of parasite
burden, which may have allowed spurious signal to dominate the results. Nevertheless, even
the basic direction of parasite load differences in hybrid mice compared to parental genotypes

still seems controversial to some researchers.

We now see that, despite working within the framework of the same hybrid zone, two different
interpretations of parasite loads in hybrid mice have arisen. It should be noted that all the
previous studies chose to focus on either helminth or protozoan parasite models. In
vertebrates, the immune mechanisms of parasite control differs greatly between these two
groups. Extracellular macroparasites like helminths trigger a T helper type 2 (Th2) -dominated
response, and intracellular microparasites like protozoa trigger a T helper type 1 (Th1)
-mediated response (Sher & Coffman, 1992). One way forward in such circumstances is to
test hypotheses over replicates and “along different axes” of parasitism, and to consider
simultaneously helminths and protozoans to address the generality of hybrid response. To
distinguish between interpretations of parasite load we here asked if (1) parasite loads are
higher or lower in hybrids compared to parentals, and (2) if these loads are consistent, or
differ, between prevalent representative helminths and protozoa. We did so in a

geographically new transect replicate of the HMHZ.

Pinworms (oxyurids) have been detected in mice in numerous field studies (see for example
Behnke, 1975, 1976; Kriska, 1993; Ressouche et al., 1998). They have been shown to be the
most prevalent helminths infecting house mice in the HMHZ (Gouy de Bellocq et al., 2012).
They are often considered to provoke mild symptoms on their hosts, even if in rare conditions
(e.g. particularly high burden) they have been shown to affect the health of laboratory mice
(Taffs, 2016). Eimeria spp. are often considered host-specific, with several thousand species
parasitizing different vertebrates (Chapman et al., 2013; Haberkorn, 1970). These parasites
infect the intestinal epithelial cells of vertebrates and induce symptoms such as weight loss
and diarrhoea. For example, infecting the NMRI mouse laboratory strain with Eimeria oocysts

isolated from mice captured in the HMHZ resulted in a weight loss up to 20% compared to
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control (Al-khlifeh et al., 2019). In the European HMHZ, three Eimeria species have been
identified: E. ferrisi , E. falciformis , and E. vermiformis with prevalences of 16.1%, 4.2% and

1.1%, respectively (Jarquin-Diaz et al., 2019).

We assessed Eimeria infection in a novel transect of the HMHZ in Brandenburg, northeastern
Germany, in which the hypothesis of hybrid resistance/susceptibility to parasite had never before
been tested. We assessed the impact of host hybridization on intensity of this parasite. By
focusing on parasite intensity (extent of parasite infection in only infected animals; Bush et al.,
1997), we arguably exclude ecological factors for differences in load. We show that (1) parasite
loads are consistently lower in hybrids compared to parental genotypes in the HMHZ and (2)

that this pattern is similar for our intracellular and extracellular parasite models.

2.3 Material & Methods

2.3.1 Sampling

Our sampled individuals consist of 660 house mice trapped using live traps placed in farms or
houses between 2014 and 2017. The study area ranges from 51.68 to 53.29 degrees of
latitude (200 km) and from 12.52 to 14.32 degrees of longitude (140 km). Each year mice
were trapped in September when it is possible to capture a high number of mice in this region.
In addition, sampling at the same season every year reduces potential seasonal variation
(Abu-Madi et al., 2000; Haukisalmi et al., 1988). The locations for trapping were selected
across a geographical range allowing both parental and hybrid/recombinant individuals to be
captured. Mice were individually isolated in cages and then euthanized by isoflurane
inhalation followed by cervical dislocation within 24 hours after capture (animal experiment
permit No. 2347/35/2014). Individual mice were measured (body length from nose to anus),
weighted, and dissected. Tissue samples (muscle and spleen) were transported in liquid
nitrogen and stored at -80°C for subsequent host genotyping. Digestive tracts were dissected
and inspected for helminth parasites (see below). lleum, caecum and colon tissues were
frozen in liquid nitrogen and then stored separately at -80°C. A median of 2 mice per locality
were captured. A table of individual mouse data including hybrid indices, georeferences and
parasite loads is available in Supplementary Table $2.3. To investigate Eimeria infections we
checked 384 mice sampled in 2016 and 2017 for the presence and intensity of tissue stages

(Figure 2.2a). Between 2014 and 2017, 585 mice were investigated for helminths
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(Figure 2.3a).

2.3.2 Host genotyping

The admixture of mouse genomes across the HMHZ was estimated for each mouse as a value
of the hybrid index (HI) calculated as a proportion of Mmm alleles in a set of 14 diagnostic
markers. This set consists of one mitochondrial marker (BamHlI, a restriction site in the Nd1
gene; Bozikova et al., 2005; Munclinger et al., 2002) one Y-linked marker (presence/absence
of a short insertion in the Zfy2 gene; Boissinot & Boursot, 1997; Nagamine et al., 1992), six
X-linked markers (three B1 and B2 short interspersed nuclear elements in Btk, Tsx (Munclinger
et al., 2003), and Syap1 (Macholan et al., 2007), X332, X347 and X65 (Dufkova et al., 2011;
Dureje et al., 2012)), and six autosomal markers (Es1, H6pd, Idh1, Mpi, Np, Sod1; Macholan
et al., 2007). His ranged from 0 to 1, HI of 0 indicating a pure Mmd and HI of 1 a pure Mmm
(Baird & Macholan, 2012; Macholan et al., 2007). At least 10 loci provided information for 92%
of the mice, and at least 4 loci for the remaining 8% due to technical issues. Histograms for the
number of genotyped markers, as well as their distribution across the hybrid index indicate no

bias in genotyping (Supplementary Figure S2.1).

The expected centre of the HMHZ across the study area was estimated using the program
Geneland v4.0.8 (with graphical resolution increased over defaults, the modified code is
available at https://github.com/alicebalard/Geneland as a complete R-package), based on a
subset of the six autosomal markers that were genotyped in all individuals with 6 diploid
markers (N=598 mice). Geneland uses a Markov chain Monte Carlo (MCMC) approach to
combine both geographical and genetic information (Guillot et al., 2005). The number of
clusters was set to 2, 106 MCMC iterations were performed and saved every 100th iterations
(104 iterations saved). The first 200 iterations were discarded as burn-in and the resolution of
the map was set to 2000 pixels for the x axis and 1400 for the y axes corresponding roughly to
1 pixel for 100m (Macholan et al., 2011).

2.3.3 Parasite load estimation

Mouse digestive tracts were dissected and inspected for helminth presence with a binocular
microscope. Helminths were counted and stored in 70% ethanol for later identification by

molecular analysis and, when more than one worm per host was present, in 3.5% formalin for
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later morphological comparison with species descriptions. As in this study we required high
statistical power to test our hypotheses, we considered only the most prevalent helminths, the
oxyurids Syphacia obvelata and Aspiculuris tetraptera. Histograms presenting the distribution
of counts for other helminths can be found in Supplementary Figure S2.2 and data is

available in Supplementary Table S2.3.

DNA was extracted from ileum and caecum tissues and quantitative PCR (qPCR) was used
for estimation of Eimeria spp. load. DNA extraction was performed using the innuPREP DNA
Mini Kit (Analytik Jena AG, Jena, Germany) following the instructions of the manufacturer with
additional mechanical tissue disruption with liquid nitrogen in a mortar. Both quality and
quantity of isolated DNA were measured by spectrophotometry in a NanoDrop 2000c (Thermo
Scientific, Waltham, USA). The presence of Eimeria spp. was tested using qPCR to detect
intracellular stages of the parasite as well as a house mouse house-keeping gene as internal
reference. Primers used for Eimeria spp. detection targeted a short mitochondrial COI region
(Eim_COI_gX-F: TGTCTATTCACTTGGGCTATTGT; Eim_COI_gX-R:
GGATCACCGTTAAATGAGGCA), while Mus musculus primers targeted the CDC42 nuclear
gene  (Ms_gDNA_CDC42_F: CTCTCCTCCCCTCTGTCTTG; Ms_gDNA_CDC42_R:
TCCTTTTGGGTTGAGTTTCC; Al-khlifeh et al., 2019; Jarquin-Diaz et al., 2019).

These gPCRs have been independently confirmed with respect to detection of experimental
infection (Al-khlifeh et al., 2019) and with genotyping PCRs using different primers and
markers (Jarquin-Diaz et al., 2019). Reactions were performed using 1X iTagTM Universal
SYBR® Green Supermix (Bio-Rad Laboratories GmbH, Miinchen, Germany), 400 nM of each
primer and 50 ng of DNA template in 20 yL final volume. Cycling amplification was carried out
in a Mastercycler® RealPlex 2 thermocycler (Eppendorf, Hamburg, Germany) with the
following amplification program: 95°C initial denaturation (2 min) followed by 40 cycles of 95°C
denaturation (15 s), 55°C annealing (15 s) and 68°C extension (20 s). Melting curve analyses
were performed in order to detect primer dimer formation and unspecific amplification. ACt
was calculated as difference of the threshold cycle (Ct) between mouse and Eimeria spp.
values (corresponding to a log2 ratio between parasite and mouse DNA). This method was
validated in an infection experiment of NMRI mice (Al-khlifeh et al., 2019). We considered
ACt=-5 our limit of detection as at this limit it was possible to obtain genotyping data for all
samples using independent PCR reactions (Ahmed et al., 2019; Jarquin-Diaz et al., 2019).
Samples with a ACt lower than -5 were considered negative (unspecific signal due to

amplification of non-target DNA). Samples with a ACt higher than -5 for at least one of the two

25



intestinal tissues were considered positive, and in the case of detection in both tissues, the
higher value was taken as a proxy of individual parasite load. This parasite load of the
intestinal tissue stage is denoted as “ACtMouse-Eimeria”’ throughout the following. Eimeria
identification at the species level was performed by means of two PCR markers (18S and COl)
followed by a confirmation of morphology and tissue preference as described in Jarquin-Diaz

et al. (2019) (column “eimeriaSpecies” of Supplementary Table $2.3).

2.3.4 General parasite assessment

As the distributions of parasite loads are expected to be highly skewed (Bliss & Fisher, 1953),
the median (as an estimator for the mode) is more informative than the mean (Rézsa et al.,
2000). We therefore report the median of parasite load across all hosts (median abundance)
and of parasite load of infected host (median intensity) for pinworms, and only median intensity
for Eimeria spp. For gPCR some uninfected samples present technical noise due to unspecific
amplification of non-target DNA. We therefore used a qPCR threshold validated by independent
genotyping PCRs (see “Fig. 4” of Jarquin-Diaz et al., 2019) to establish the infection status of
each sample (and we do not report abundance for Eimeria, see Jarquin-Diaz et al., 2019, for
details). Prevalence (relative frequency of infected individuals amongst all tested individuals)
confidence intervals were obtained with Sterne’s exact method (Reiczigel et al., 2010; Sterne,
1954). Calculations were performed using the epiR package (Nunes et al., 2018) running within

the R statistical computing environment (R Development Core Team, 2013).

2.3.5 Statistical design: testing hybrid resistance/susceptibility in a natural

system

According to the SIR model of epdidemiology, individuals can be divided into susceptible (S),
infected (I), and removed (R, dead or recovered). Animals captured in the field can show (1)
absence, or (2) presence of a given parasite. Absence of a parasite in a given host can result
from absence of exposure to the parasite, complete host resistance, recovery, or death
(Kramer et al., 2010). On the other hand, quantitative parasite load depends on intrinsic host
or parasite components or their interactions. We argue that when testing the hypotheses of
hybrid resistance or susceptibility in a natural system, a focus on the latter is beneficial.
Therefore, we test a potential increase or decrease of parasite load in infected animals

(intensity) towards the centre of the zone compared to its sides. We performed this analysis
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for our parasites of interest, but first verified that we could exclude differences in prevalence
(probability of infection) across the hybrid index for each parasite. This leaves mortality as the
only epidemiological factor (in the SIR model) to potentially influence both prevalence and
intensity, we therefore additionally tested increased mortality by analyzing differences in
(infected/uninfected) age categories across the hybrid index (see below: Statistical test for

different mortality of hybrids).

The hybridization level in each individual was modelled as the degree to which new gene
combinations are brought together compared to the pure subspecies. This was estimated

from the hybrid index using the function for expected heterozygosity (Baird et al., 2012):

He = 2-HI-(1-HI) (Eq. 1)

2.3.6 Statistical prediction of probability of infection by parasites along the
hybrid zone

We considered the predicted probability of infection across the HI as equivalent to the
prevalence and modelled a dichotomous response variable (uninfected=0; infected=1) by
logistic regression. We performed two analyses, one testing for prevalence differences on
both halves of the hybrid index separately and a second one with a unified “genetic distance to
zone centre” (for individuals with HI between 0 and 0.5 the proxy is HI, for individuals with HI
between 0.5 and 1 the proxy is 1 — HI). This means we do not blindly assume equality of
prevalence at both ends of the hybrid index, but also maximize power to reject the null
hypothesis (esp. in case of a negative result in the separate analysis). Analyses were done in
R with the function glm from the stats package (R Development Core Team, 2013) including

host sex and interaction terms with the variable representing hybrid genetics.

2.3.7 Statistical test for different mortality of hybrids

Secondly, morbidity or mortality caused by hyperparasitism could impact both prevalence and
intensity measures of parasite loads, as only the surviving, less parasitized mice could be
captured. This, however, would also lead to differences in age distribution along the hybrid
index. We used an age estimation based on weight (as in Behnke, 1976) as a proxy to test if

hybrid mice were younger or older than that expected for intermediate between pure
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hybridizing taxa (“additivity”). Values of body weight are well described by the normal
distribution, parameterized by its standard deviation (allowed to vary freely during maximum

likelihood searches) and its mean defined as:

Expected BodyW eight = (BW1 + (BW2-BW1)-HI)-(1-alpha-He) (Eq. 2)

where BW1 is the expected body weight of pure Mmd, BW2 the expected body weight of pure
Mmm. Alpha represent the hybridization effect, or deviation from additivity between the two
parental genomes. We allowed difference between sex and taxa, fit the models using
maximum likelihood (using the R package mle2; Bolker, 2017), either including or excluding
the hybridization effect parameter (by setting HI=0 in ExpectedBodyWeight), and we

compared these two models using the G-test.

2.3.8 Statistical test of the host hybridization effect on parasite intensity

It has been shown that macroparasites tend to aggregate within their hosts, the majority of host
carrying no or alow burden, and a minority a high one (Shaw & Dobson, 1995). We modelled this
distribution of parasite burden in infected hosts as negative binomial. Following the approach
of Baird et al. (2012), we tested if hybrid mice had higher or lower parasite burdens than that
expected in case of additivity (if the relationship between host parasite load and hybrid index

was linear).

The parasite load for a given HI was then estimated as follows:

ExpectedLoad = (L1 + (L2-L1)-HI)-(1-alpha-He) (Eq. 3)

where L1 is the parasite load of pure Mmd, L2 the parasite load of pure Mmm, and alpha the
hybridization effect (deviation of parasite estimated load from the additive model). We
considered four nested hypotheses increasing in complexity, and compared them with the
G-test (likelihood ratio test) to consider a more complex hypothesis only when justified by a
significant increase in likelihood. Expected parasite load is fixed to be identical for both
subspecies and both host sexes in hypothesis HO. The more complex H1 allows load

differences for the host sexes, H2 allows different loads between the subspecies at the
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extremes of the hybrid index, and H3 allows differences both between the subspecies and

sexes.

Adequate distributions of values for each parasite and detection method considered were
selected using log likelihood and AIC criteria and by comparing goodness-of-fits plots (density,
CDF, Q-Q, P-P) (R packages MASS (Venables & Ripley, 2002) and fitdistrplus
(Delignette-Muller & Dutang, 2015) (see Supplementary Figure S2.4). The negative binomial
distribution should perform well for macroparasite counts (Crofton, 1971; Shaw & Dobson,
1995), which was confirmed for helminths in another, geographically distinct, transect (Baird
et al., 2012). Values of (ACtMouse—-Eimeria) were found to be well described by the Weibull

distribution after being positively shifted.

The negative binomial distribution is parameterized by two arguments: its expectation
(Expected Load, Eq. 3), and the inverse of its aggregation, which is allowed to vary across HI

as:

Aggregation = (Al + (A2-A1)-HI)+ Z-He (Eq. 4)

Z being the deviation from the additive model, in proportion to He, which is maximal in the
zone centre (Baird et al., 2012). The Weibull distribution is parametrized by its shape and scale

parameters (allowed to vary freely during maximum likelihood search) linked by the formula:

Scale = ExpectedLoad/T' (1 + 1/shape) (Eq. 5)

I" being the gamma function.

We fit the models using likelihood maximization (using the R package mle2; Bolker, 2017).
Parasite load was estimated either including or excluding the hybridization effect parameter (by
setting HI=0 in ExpectedLoad), and we compared these two models using the G-test. Inthe case
of ACtMouse-Eimeria, the Weibull distribution requires positive values as input. Therefore, we

estimated an extra “shift parameter” which was optimized by maximum likelihood.
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2.3.9 Test of body condition differences between infected and non-infected

mice across the hybrid zone

After the previous tests on hybrid resistance/susceptibility to parasites, we wanted to see if
our field system could allow differences in tolerance to parasites to be tested. We thus tested
whether we could detect different body condition between infected and non-infected mice along
the hybrid index. Residuals from ordinary least squares regression of body weight by body
length were estimated for each individual, separately for males and females. Pregnant females
were excluded from the analysis. Individuals with a positive residual were considered in better
condition than individuals with a negative one, as this index correlates with variation in fat, water,
and lean dry mass (Schulte-Hostedde et al., 2005). We tested if hybrid mice had higher or lower
residuals than that expected for intermediate between pure hybridizing taxa (“additivity”), and
if the potential hybridization effect was different between infected and not infected mice, for
Eimeria spp. as well as for pinworm infections. Differences between the loads of the pure

parental subspecies on each side of the hybrid zone were allowed.

Values of residuals of body weight by body length regression are well described by the normal
distribution, parameterized by its standard deviation (allowed to vary freely during maximum

likelihood searches) and its mean defined as:

EzxpectedResidual = (R1 + (R2-R1)-HI):(1-alpha-He) (Eq. 6)

where R1 is the expected residual value of pure Mmd, R2 the expected residual value of pure
Mmm, and alpha the hybridization effect. We fit the models using maximum likelihood (using the
R package mle2; Bolker, 2017), either including or excluding the hybridization effect parameter

(by setting HI=0 in ExpectedResiduals), and we compared these two models using the G-test.

All graphics were produced using the R packages ggplot2 (Wickham, 2016) and ggmap (Kahle
& Wickham, 2013), and compiled using the free software inkscape v.0.92 (https://inkscape.
org). Full R code used for this article can be found at: https://github.com/alicebalard/Article_

IntensityEimeriaHMHZ/tree/master/code
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2.4 Results

2.41 Host genotyping and characterization of the HMHZ for a novel transect

We caught and genotyped a total of 650 mice (359 females, 291 males) over four sampling
seasons (2014: N=86; 2015: N=156; 2016: N=167; 2017: N=241) at 149 localities. On the
probability map of the hybrid zone centre, shown in Figure 2.1, we see that the HMHZ runs
across the former East Germany, making a broad arc around the city of Berlin, approaching

within ca. 20 km of the bordering Oder River near Eberswalde.
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Figure 2.1: Geographic range of house mouse subspecies in the European house mouse
hybrid zone. Spatial organization of the HMHZ was inferred using all individuals with 6
autosomal markers available (N=598 mice) (Es1, H6pd, Idh1, Mpi, Np, Sod1). Mus musculus
domesticus is found west of the hybrid zone (blue), Mus musculus musculus east of it (red).
The numbers at the level contours indicate posterior probabilities of population membership for
each mouse subspecies. White dots represent each mouse included in the study.
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2.4.2 Parasite prevalence and intensity

The estimated parasite prevalence was 18.2% (70/384) (Sterne’s Exact method Cl 95%: [14.5,
22.5]). To quantify the intensity of infection we determined the amount of Eimeria mitochondrial
DNA per host nuclear DNA using ACtMouse—-Eimeria. The median Eimeria intensity was -2.4

corresponding to 5.2 times less parasite mitochondrial DNA than host nuclear DNA.

Prevalence of pinworms in the transect was 52.5% (307/585) (Sterne’s Exact method Cl 95%:
[48.4, 56.5]) with a median abundance of 1 pinworm per mouse and median intensity of 13

pinworms per infected mouse (maximum number of pinworms in one host: 489).

Overall prevalence of pinworms and Eimeria in our samples did not significantly differ between
approximated age categories (using body weight as a proxy, as in Behnke, 1976; pinworms:
x3=6.25, P=0.18; Eimeria: x3=4.61, P=0.33) and between the sexes (pinworms: y3=0.11,
P=0.74; Eimeria : x3=0.001, P=0.97) (Supplementary Table S2.5).

Interactions between the two parasite species studied in co-infection could influence both their
intensities. This would make the assessment of different parasites non-independent with
regards to the host immune system. We therefore tested the influence of co-infection by one
investigated parasite on the second one using Chi-square tests on a presence/absence
contingency table. We found infections with one parasite to not significantly change the
likelihood of infection with the other (x7=1.72, P=0.18, N=383).

2.4.3 Similar prevalence of parasites across the zone

In order to control for impact of ecological factors on prevalence, such as a host density trough
at the zone centre, we tested if the probability of being infected was significantly lower for
individuals at this zone centre. We performed this analysis (1) with a unified “genetic distance
to zone centre”’and (2) on both halves of the hybrid index separately . Logistic regression
using a linear combination of the predictor variables “genetic distance to zone centre” and
“Sex” (including interactions) didn’t show any statistically significant effect (p > 0.05) on the
probability of infection when a unified “genetic distance to zone centre” (1) was used, neither
for Eimeria spp. (genetic distance to zone centre: z380=-0.22, P=0.82; sex: z380=1.02,
P=0.31; interactions: z380=-1.48, P=0.14; Figure 2.2b) nor for pinworms (genetic distance to
zone centre: z581=-0.69, P=0.49; sex: z581=0.26, P=0.76; interactions: z581=0.73, P=0.46;

32



Figure 2.3b). Results were identical for specifically Eimeria ferrisi infected mice vs. non
infected (genetic distance to zone centre: z380=-0.16, P=0.88; sex: z380=-0.64, P=0.52;
interactions: z380=0.48, P=0.63; see Supplementary Figure S$2.6a). Similarly, we could not
reject the hypothesis of constant prevalence by running the analyses on both halves of the
hybrid scale separately (2), for both parasites (Eimeria, west side: genetic distance to zone
centre: z161=-0.93, P=0.35; sex: z161=0.57, P=0.57; interactions: z161=-0.53, P=0.60; east
side: genetic distance to zone centre: z215=0.69, P=0.49; sex: z215=0.90, P=0.37;
interactions: z215=-1.36, P=0.17; Pinworms, west side: genetic distance to zone centre:
z257=-1.46, P=0.14; sex: z257=0.46, P=0.64; interactions: z257=0.63, P=0.53; east side:
genetic distance to zone centre: z320=-0.56, P=0.57; sex: 2320=-1.04, P=0.30; interactions:
z320=0.98, P=0.33 ). We therefore could not find evidence of significantly more or less
infected hosts in the centre hybrid zone, neither for Eimeria as a genus, nor the most prevalent

species E. ferrisi , nor pinworms.

2.4.4 No evidence of hyper- or under-mortality of hybrids compared to parents

We tested the hybridization effect on body weight as proxy of age. Modelling the body weight
across the hybrid zone showed an effect of taxon (model allowing taxon differences vs. no
taxon differences (H1 vs. HO), G-test: x?=4e-4, P=0.017, N=456) and no effect of sex (models
allowing sex differences vs. no sex differences (both H2 vs. HO (G-test: x3=0.39, P=0.057),
and H3 vs. H1 (x3=0.92, P=0.079), N=456)). More notably, the model allowing taxon difference
did not show a statistically significant hybridization effect (G-test: x2=0.74, P=0.214, N=456;
see Supplementary Figure S2.7). We therefore could not detect any decrease or increase of

overall mortality in more admixed mice.

33



535 535
shim him
a . Noustrolitz C . Noustrolitz /
Prenziau Prenziau
° % o Gryfino | . 8 . Gryfino
 Wittstock ° |, Wittstock
9
@e 0’ Tempif® . Schwedt (Oder) ,?T""’"W / , Schwedt (Oder)
53.0 [ 1o ° “rgerminde 53.0 [oree ° “Angormiindo
 Neuruppin ® /o Angermd  Neuruppin o fngerm
o & ° /e
O/ Ebersy] * Eberswalde
Oranienburg,, .v&rgm. ° Oranionburg , ,Wangg:z °
f L Bernaubei gariin @ 1 | BernaubeiBerlin @
wal Rathonow 0I5 o YL liar -~ Rathonow  HeiESdert '
% ;! Fakontaa® Berlin @ @sifausberg « Kostrzy) % ! R ) Berlin_ +Strausberg « Kostrzyn)
B 525 i Havel Kleinmachnow - . et Ké:"}‘.‘“ 3 525 ran Kleinmachnow - o Borin K:"’#k
= rgandorHavel s 1 rdore oTonc% ) B ?ﬁ"""w"ﬂ'_mnmn( s 9 LS Wardor * Tottd% JFirstorvalde nkturt (0
@© g boi Magdeburg Ludwigsfelde « o K8 usterhausen © tg bei Magdeburg Ludwigsfelde « + Kenigg Wusterhausen
— XA 4 - ‘ .
B ° . Eisonhil 4 . Eisonhilt
. — ) P , Luckenwaldo o
sbock ° ° back ) ©
52.0 ° 52.0 ©
0| azerbst . °) o® Guben’, Gubin Zorbst \ Guben’, Gubin
L ] e -
o ’.‘.ubbon:u ° o\, » Libbonau
Cottbus Cottbus,
g Forst . Forst
i ot d f :
) Finsterwalde , Finsterwalde
on__206m__sokn Torgau . Spremberg Okm___ 20km  40km Torgau | . Spremberg
51.5 L «Woiwa 51.5 L . «Woitwass|
12 13 . 14 15 12 13 ) 14 15
b Longitude d Longitude
100% = 5 o
o
o
90% 4
O
o ]
80% 3 @)
o
o
70% 2 o o

Predicted probability of infection

Eimeria intensity (ACtMouse-Eimeria)

Figure 2.2: Probability of infection is constant and intensity of Eimeria infection is
reduced in hybrids. Individual mice tested for detection and quantification of Eimeria spp.
tissue stages (a) and mice tested positive (c) are displayed on a map (point color indicates
mice genotype, on a gradient ranging from blue (pure Mmd) to red (pure Mmm); increasing
number of mice sampled at one locality is displayed as decrease in transparency). The predicted
probability of infection does not differ in more admixed mice (b) for males (green) and females
(orange)(average overall observed probability of infection (prevalence) for males and females
considered together: grey dotted line). Eimeria intensity (white dots = individual mice) is
reduced at intermediate values of the hybrid index (d), represented as a gradient ranging from
0 (pure Mmd, in blue) to 1 (pure Mmm, in red). The optimized fit is represented by a solid line,
the 95%CI of the fit as all parameters are allowed to vary in their 95%CI, is plotted as a grey
ribbon. The 95%CI of the hybridization parameter alpha, as all parameters are fixed to their
fitted value while alpha is allowed to vary in its 95%CI, is plotted as dashed lines.
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2.4.5 Eimeria spp. load is lower in infected hybrid vs pure Mmm and Mmd mice

To test more specifically the intrinsic host-parasite interplay of hybrids compared to pure mice,
we considered only individuals infected by Eimeria spp. tissue stages (N=70). Complex
models involving differences between sexes (H2 vs. HO G-test: x3=6.12, P=0.89; H3 vs. H1
G-test: \?=8.09, P=0.91) and parental taxa (H1 vs. HO G-test: x?=0.11, P=0.26; H3 vs. H2
G-test: x3=1.13, P=0.43) did not fit the data significantly better than the null model
(Supplementary Table $2.8). The fit involving the hybridization effect, however, showed
significantly higher likelihood than the model without it (G-test: x?=8e-4, P=0.02). Infected
hybrids had significantly lower load of Eimeria spp. tissue stages than expected if the load
was linear along the hybrid index, with a hybridization effect parameter alpha of 0.74 (Figure
2.2d, values of parameters of the fitted model given in Table 2.1). Considering only the more
prevalent Eimeria species, E. ferrisi , infected mice (N=44), we found similar results: no
significant improvement of the model when differences between sexes (H2 vs. HO G-test:
X§=4.24, P=0.76; H3 vs. H1 G-test: x2=6.63, P=0.84) and parental taxa (H1 vs. HO G-test:
x3=0.43, P=0.48; H3 vs. H2 G-test: x3=2.37, P=0.69) were included and significantly higher
likelihood of the model with hybridization effect than the model without it (G-test: y3=5e-4,
P=0.02, hybridization parameter=0.73; see Supplementary Figure S2.6b).
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Eimeria intensity

Present study, Eimeria sp.

Present study, Eimeria
ferrisi

Pinworm intensity

Present study

Present study (data from
Baird et al., 2012)

Hyp.

HO
HO

Hyp.

H3

H1

Alpha (p-value)

0.74 (0.02)
0.74 (0.02)

Alpha (p-value)

2 0.91(0.04)
3 1.46 (<0.001)

1.21 (<0.001)

Load in ACt for both parental subspecies

-0.70
-0.70

Load in
count
Mmd

@ 35.57
3 30.38

94.37

Load in
count
Mmm

Q 68.67
3 51.86

46.81

Aggregation
Mmd

?1.45
32.10

1.88

Shape

2.33

2.33
Aggregation
Mmm Z parameter
Q2.00 Q-1.04
31.33 3 -1.23
1.34 -0.13

Note: Parameters estimated by maximum likelihood for each data set. Alpha is the hybridization effect (deviation of parasite estimated load from
the additive model) given with its significance p-value. If sexes are separated, corresponding parameters for each sex are given with symbols ¢ and
3. Nested hypotheses are as follows. HO: same expected load for the subspecies and between sexes; H1: same expected load across sexes, but can
differ across subspecies; H2: same expected load across subspecies, but can differ between the sexes; H3: expected load can differ both across
subspecies and between sexes. Mus musculus domesticus and Mus musculus musculus are named hereafter Mmd and Mmm.

Table 2.1: Parametrisation of fitted models.



2.4.6 Pinworm load is lower in infected hybrid vs. pure Mmm and Mmd mice

We tested pinworm intensity (N=307) in infected hybrids comparing them to infected “pure
parental” mice in our Brandenburg transect, excluding potential ecological confounders in the
same way. The model allowing differences between the parental taxa and sexes (H3) was
found to fit our observations significantly better than the less complex models (H2 vs. HO
G-test: x3=0.18, P=0.004; H3 vs. H1 G-test: x2=0.73, P=0.006; H1 vs. HO G-test: x3=0.008,
P=0.004; H3 vs. H2 G-test: x3=0.27, P=0.008; Supplementary Table $2.8). For both sexes,
the fit including the hybridization effect showed significantly higher likelihood than the model
without it (females G-test: \3=0.003, P =0.04; males G-test: x?=3e-7, P<0.001). Infected
hybrids had significantly lower pinworm load than expected if the load was linear across the
hybrid index, with the hybridization effect parameter alpha 0.91 (females) and 1.46 (males)

(Figure 2.3d, values of parameters of the fitted model given in Table 2.1).

2.4.7 Comparison of pinworms loads with previous reports

To compare the strength of the hybridization effect between our Brandenburg transect and the
Czech-Bavarian portion of the HMHZ we applied the H1 model (differences between the taxa
but not between the host sexes) to our pinworm abundance data, once with freely varying alpha
(fit 1), and once with alpha setto 1.39 as in Baird et al. (2012) (fit 2). Within fit 1, alpha was found
significant (G-test: x?=1e-9, P <0.001). The comparison between the model with freely varying
alpha (fit 1) and that using fixed alpha (fit 2) showed no significant likelihood difference (G-test:
x3=0.02, P=0.11). Therefore, we can conclude that pinworm load differences found in hybrids
in this study are consistent with the results obtained in the previously studied Czech-Bavarian
transect (Baird et al., 2012).
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Figure 2.3: Probability of infection is constant and intensity of pinworm infection is
reduced in hybrids.Individual mice tested for detection and quantification of pinworms (a) and
mice tested positive (c) are displayed on a map (point color indicates mice genotype, on a
gradient ranging from blue (pure Mmd) to red (pure Mmm); increased number of mice sampled
at one point displayed as decrease in transparency). The predicted probability of infection does
not differ in more admixed mice (b) for males (green) and females (orange)(average overall
observed probability of infection (prevalence) for males and females considered together: grey
dotted line). Pinworm intensity (white dots=individual mice) is reduced at intermediate values
of the hybrid index (d), represented as a gradient ranging from 0 (pure Mmd, in blue) to 1 (pure
Mmm, in red), for males (green) and females (orange). The optimized fit is represented by a
solid line, the 95%ClI of the fit as all parameters are allowed to vary in their 95%Cl, is plotted as
a grey ribbon. The 95%CI of the hybridization parameter alpha, while all parameters are fixed
to their fitted value and alpha is allowed to vary in its 95%ClI, is plotted as dashed lines.
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2.4.8 No evidence of body condition differences between infected and

non-infected mice along the hybrid zone

To test whether infections have a different effect in hybrids vs. parental mice we assessed body
condition, which could be a better proxy for host health than parasite load. Modelling of the
residuals from ordinary least squares regression of body weight by body length across the hybrid
zone Figure 2.4a did not show a statistically significant hybridization effect in both parasite
datasets considered (Eimeria G-test: x2=0.29, P=0.41; pinworms G-test: x?=2.81, P=0.91).
When infected and non-infected individuals were considered separately, neither Eimeria spp.
infected individuals (G-test: x=0.65, P=0.58) nor Eimeria spp. non-infected individuals (G-test:
x3=2.69, P=0.90) showed a hybridization effect in body condition index Figure 2.4b. The same
was true for pinworm infected individuals (G-test: x3=0.34, P=0.44) and pinworm non-infected

individuals (G-test: x?=4.12, P=0.96; Figure 2.4c).
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Figure 2.4: Body condition does not significantly differ between hybrids and pure mice
upon infection. We modelled the residuals from ordinary least squares regression of body
weight by body length along the hybrid zone. The fit and residuals for female and male mice is
given in (a). The hybrid index is represented as a gradient ranging from 0 (pure Mmd, in blue)
to 1 (pure Mmm, in red). "Body condition” residuals along the hybrid index (for Eimeria spp.
(b) and pinworms (c)) show no difference for infected mice (light green) and non-infected mice
(grey). The optimized fit is represented by a solid line, the 95%CI of the fit as all parameters
are allowed to vary in their 95%Cl, is plotted as a grey ribbon. The 95%CI of the hybridization
parameter alpha, as all parameters are fixed to their fitted value while alpha is allowed to vary
in its 95%Cl, is plotted as dashed lines.
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2.5 Discussion

We found lower intensities of the intracellular parasites Eimeria spp. and intestinal parasite
pinworms in hybrid than in parental subspecies hosts in a previously unstudied transect of the
European HMHZ. Lower intensity in hybrids is unlikely to be explained by ecological differences
across the HMHZ, as we did not find the probability of infection to be similarly reduced in hybrid

hosts, and no overall increase or decrease in mortality towards the zone centre.

House mouse hybrids in the European HMHZ are not first-generation crossings, but rather
genetically complex “late generation” recombinants. This means that each of their genomes
presents a complex admixture of both Mmm and Mmd tracts (Macholan et al., 2007). There is
no clear cut-off between hybrids and parental individuals. Therefore, individuals in such
systems should not be considered in categories, but rather on a continuous scale of
“hybridicity” (a hybrid index) when analyzing parasite infections or any other trait (Baird et al.,
2012). We followed the statistical analysis of Baird et al. (2012) and explicitly modelled the
effect of hybridization on parasite intensity by approximating the number of new combinations
of genes brought together in a hybrid genotype by its expected heterozygosity (He). In other
words we used He to derive non-linear predictions for hybridization effect based on the
observed individual hybrid indices. To increase reproducibility, we make our analysis available
in an R package (Balard & Heitlinger, 2019). The package allows statistical modelling with
distributions additional to the original negative binomial distribution for (worm) count data
(Baird et al., 2012). This allowed us to model the intensity of Eimeria infections as measured
by a recently established quantitative PCR (Ahmed et al., 2019; Al-khlifeh et al., 2019;
Jarquin-Diaz et al., 2019).

To our knowledge no studies have previously tested the effect of mouse hybridization on
parasites other than helminths in a field setting of the HMHZ. To understand the impact of
immune diversity in hybrid hosts on parasites, it is necessary to test different types of
parasites. Our parasite models present differences that are likely to involve different
resistance mechanisms in their hosts (and also different impact on host health and immune
systems, with intracellular parasites triggering mainly Th1 vs. extracellular parasites triggering
mainly Th2 responses (Jankovic et al., 2001; Maizels & Holland, 1998)). Yet the pattern of
reduced load in hybrid hosts is the same for the two parasites. These findings confirm that
reduction in parasite intensity is either an effect intrinsic to the host individuals (e.g. enhanced

immune reactions leading to increased resistance), or, if dependent on the parasite and/or
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parasite-host interplay, can be generalized over very different parasites.

Adding more evidence to the original observations of reduced parasite loads for previously
investigated parasites, we also found reduced pinworm loads in hybrids of our novel transect
of the HMHZ. We found differences between the Brandenburg and Czech-Bavarian transects
in pinworm infection such as distinct loads between males and females and lower prevalence
(52.5%) and abundance (18.7) in the former compared to the latter (no significant difference
between sexes; prevalence 70.9%, abundance 39.18; Baird et al.,, 2012). Geographical
locations of the HMHZ likely present different ecological conditions underlying such
differences. Despite this fact, the direction (lower intensity in hybrids) and strength of the
hybridization effect were very similar in the two study areas. This similarity reinforces our
confidence that reduced parasite load in mouse hybrids is a general phenomenon, intrinsic to

the individual host genotype or host-parasite interplay rather than a by-product of ecology.

A novel aspect of our work compared to previous studies of parasitism in the HMHZ is the
separate study of parasite prevalence and intensity. This approach should not only reduce
problems in statistical inference caused by false negative measurements (so called
zero-inflation) but also allows us to address two different questions separately: (i) Is the
probability of infection different for hybrids and pure subspecies? and (ii): Is there a difference

in parasite intensity between infected hybrid and infected pure individuals?

An illustrative example of an ecological factor that could potentially lead to parasite load
differences is the density of hosts. Densities of mouse populations in the HMHZ centre may
be lower than outside (either due to selection against hybrids or because the HMHZ as a
tension zone tends to be trapped in “density troughs” sensu Hewitt, 1975). Host density is
expected to be positively correlated with pathogen transmission (Anderson & May, 1979) and
as a result prevalence may be higher in more dense populations (Hakkarainen et al., 2007,
Morand & Guégan, 2000). This is, however, not a general law as host density and Eimeria
spp. prevalence are, for example, negatively correlated in bank voles (Winternitz et al., 2012).
Independent of the direction of the effect, correlation between abundance and prevalence

could be confounded with intrinsic effects of hybrid hosts.

Our analysis of prevalence (presence/absence in a logistic regression), did not however show
any significant decrease of this probability of infection towards the centre of the zone, for neither
Eimeria spp. nor pinworms. Here we argue that, in conjunction with higher intensities, this

distinguishes intrinsic hybrid effects from potential ecological confounders.
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Animals tolerant of low-pathogenic parasites might not suffer fithess reduction during high
parasitemia. This could be the case, for example, if the parasite is beneficial for the host’s
interaction with other parasites (Heitlinger et al., 2017) or if immune responses against the
parasite are costly relative to the harm it causes (Raberg et al., 2007). In addition, according
to the “Old Friend” (or “Hygiene”) hypothesis, the constant presence of helminths in natural
populations has led to the evolution of a background basal release of regulatory cytokines
(Rook, 2009) which might in turn impact the outcome of more pathogenic infections. Even for
relatively pathogenic parasites, such as Eimeria, differences in resistance could be uncoupled
from health effects by differences in tolerance (Raberg et al., 2007). For these reasons
parasite load in itself should not be blindly considered as a proxy for host health and certainly
not for host fitness comparisons across hybrid zones (see Baird & Gouly de Bellocq, 2019).
Here we used body condition as a proxy for the health component of host fitness. We,
however, did not find evidence for differences in body condition between hybrids and pure
mice upon infection. We conclude that we do not have evidence that lower parasitemia in

hybrids increases their health.

Intensity of a particular parasite infection is not necessarily correlated with reduced health and
fitness. For example, the fitness of sterile hybrids (always zero) is invariant to infection
intensity. Moreover a hybrid host could be robust due to heterosis (though it may still be
sterile). Even if we had found increased health of hybrids, this would not be interpretable as
leading to a higher total hybrid fitness, as the parasite mediated health fithess component is
only one (likely minor) component of overall fitness. It has been shown for example that male
mice in the HMHZ centre have reduced fertility compared to parental individuals (Albrechtova
et al., 2012; Turner et al., 2012). If reduced parasite intensity is host driven (and not a result of
host-parasite interactions) one could conclude that some physiological systems (e.g.
reproductive) may be more dependent on “co-adapted complexes”, while others — such as the
immune system — benefit from diversity. This latter would be hybrid vigour in the narrow sense
(Baird et al., 2012), but would still not necessarily lead to any effects on host species barriers
(Baird & Gouy de Bellocq, 2019). We can in future ask whether host (immunity and
resistance), parasite (infectivity and virulence), or their interactions are underlying reduced
parasite intensity in hybrid house mice. Eimeria spp. are suitable pathogens to perform
experimental and field studies in this endeavour. An experimental setup investigating
resistance (inverse of parasite intensity) and tolerance (impact on host health measured by
weight loss) during an infection in mice of pure subspecies and crosses between them could

address this question in more detail.

43



A prime candidate locus for mediating a positive effect of hybridization on the immune system
(hybrid vigour) is the major histocompatibility complex (MHC). In mice two genes of the MHC
showed different levels of polymorphism as well as population structure with many alleles
inferred to be shared between the subspecies by maintenance of ancestral polymorphism
(Cizkova et al., 2011). Additionally, the small demes of house mice can function as reservoirs
of MHC alleles, contributing to the diversity of this system across demes and populations
(Linnenbrink et al., 2018). The genetic structure of the MHC and especially polymorphism
shared across subspecies should make these loci good candidates to investigate for
mechanisms behind hybrid vigour, among a number of other loci including Toll-like receptors
(Skevaki et al.,, 2015). Previous work on toll-like receptor 4 already suggests different
evolutionary patterns between the house mouse subspecies (Fornuskova et al., 2014). For
host parasite interactions major candidate loci are immunity related GTPases on the host side

and rhoptry kinases in coccidia (Lilue et al., 2013).

Hybridization has played a significant role during and after the divergence of house mouse
subspecies as well as during the formation of “classical inbred strains” (Yang et al., 2011).
Improving our understanding of parasite process across the HMHZ provides valuable
information on the house mouse as the (non-human) model species with the most thoroughly
understood immune system. A transfer of knowledge from this model might further
understanding of the interplay between parasites and hybridizing species, our own as well as

species relevant for conservation.
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3.1 Abstract

Resistance (host capacity to reduce parasite burden) and tolerance (host capacity to reduce
impact on its health for a given parasite burden) manifest two different lines of defence.
Tolerance can be independent from resistance, traded-off against it, or the two can be
positively correlated because of redundancy in underlying (immune) processes. We here
tested whether closely related parasite species could show differences in this coupling
between tolerance and resistance. We tested this in experimental infections with two parasite
species of genus Eimeria. We measured proxies for resistance (the (inverse of) number of
parasite transmission stages (oocysts) per gram of feces at the day of maximal shedding) and
tolerance (the slope of maximum relative weight loss compared to day of infection on number
of oocysts per gram of feces at the day of maximal shedding for each host strain) in four
inbred mouse strains and four groups of F1 hybrids belonging to two mouse subspecies,

Mus musculus domesticus and M. m. musculus.

We found a negative correlation between resistance and tolerance against E. falciformis, while
the two are uncoupled against E. ferrisi. We conclude that resistance and tolerance against
the first parasite species might be traded off, but evolve more independently in different mouse
genotypes against the latter. We argue that host evolution can be studied largely irrespective
of parasite isolates if coupling is absent or weak (E. ferrisi) but host-parasite coevolution is
more likely observable and best studied in a system with coupled tolerance and resistance

(E. falciformis).

Keywords: Resistance, Tolerance, Eimeria, Coevolution

3.2 Introduction

Host defence mechanisms evolve to alleviate the detrimental effect of parasites. They can be
categorised into two components: resistance and tolerance (Raberg et al., 2009). Resistance
is the ability of a host to reduce parasite burden, resulting from defence against parasite
infection or proliferation early after infection (Schmid-Hempel, 2013). The negative effect of
resistance on parasite fithess can lead to antagonistic coevolution. According to theoretical
models, fluctuating host and parasite genotypes arise, and balancing selection maintains

resistance alleles polymorphic (Boots et al., 2008; Roy & Kirchner, 2000). Resistance has
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been the classical "catch all” measure for host-parasite systems, but recently it has been
shown to be incomplete, especially with respect to potential fitness effects on the host (Kutzer
& Armitage, 2016; Raberg et al., 2009).

Disease tolerance (not to be confused from “immunological tolerance”, unresponsiveness to
self antigens; Medzhitov et al., 2012) is the ability of the host to limit the impact of parasite on
its fitness (Kutzer & Armitage, 2016; Raberg et al., 2009; Vale & Little, 2012). By potentially
providing a longer-living niche, this defence mechanism improves, or at least does not
deteriorate, the fitness of the parasite. Tolerance alleles are thus predicted by theoretical
models to evolve to fixation due to positive feedback loops (Boots et al., 2008; Restif & Koella,
2004; Roy & Kirchner, 2000). From a mechanistic perspective tolerance alleviates direct or
indirect damage (e.g. excessive immune response underlying resistance against parasites,
called immunopathology; Graham et al., 2005) caused by parasites (Raberg et al., 2009).
Tolerance mechanisms include modulation of inflammatory response (Ayres & Schneider,
2012), tissue repair (stress response, damage repair and cellular regeneration mechanisms;
Soares et al.,, 2017), and compensation of parasite-induced damage by increase of
reproductive effort (Baucom & de Roode, 2011). The resulting metabolic costs of resistance
and tolerance, with and without parasite infection, determine the optimal (steady state and

infection inducible) extent and of both immune defences (Sheldon & Verhulst, 1996).

Resistance and tolerance can be positively associated if they involve the same metabolic
pathway, as was shown in the plant model Arabidopsis thaliana in response against herbivory
(Mesa et al., 2017). In animals, genetic association studies of resistance and tolerance of
Drosophila melanogaster against the bacterium Providencia rettgeri have shown positively
correlated genetic effects, as the same loci were associated with changes of both traits in the

same direction (Howick & Lazzaro, 2017).

Nevertheless, resistance and tolerance can also be genetically and physiologically
independent, involving different proximate mechanisms. Lack of correlation between both
defences was shown for example in monarch butterflies (Danaus plexippus) infected by the
protozoan parasite Ophryocystis elektroscirrha.  This study found genetic variation in
resistance between butterflies families, but a fixed tolerance (Lefévre et al., 2010). Similarly,
no correlation could be found between resistance and tolerance for the fish Leuciscus
burdigalensis in response to infection with its parasite Tracheliastes polycolpus. The authors
explain the decoupling of both defences by the fact that, in this system, tolerance likely

involves wound repair rather than immune regulation, making resistance and tolerance
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mechanisms independent (Mazé-Guilmo et al., 2014).

Eventually, in other systems, resistance and tolerance have been found negatively correlated.
For examples, inbred laboratory mouse strains lose weight upon infection with Plasmodium
chabaudi. The extent of this impact on host health is negatively correlated with the peak number
of parasites found in the blood (Raberg et al., 2007), meaning that mouse strains with higher
resistance present lower tolerance. Similarly, infections of sea trout (Salmo trutta trutta) and
Atlantic salmon (Salmo salar) with the trematode Diplostomum pseudospathaceum showed
that resistance and tolerance were negatively correlated when assessing mean levels of both
traits in different host populations (Klemme & Karvonen, 2016). This is interpreted as a result of
trade-off between resistance and tolerance (Raberg et al., 2009; Restif & Koella, 2004; Sheldon

& Verhulst, 1996).

We have seen that depending on the system studied resistance and tolerance can be (1)
uncoupled (independent), (2) positively correlated (involving same genes and mechanisms),
or (3) negatively correlated (traded-off). Theoretical models show that coupling between
resistance and tolerance (or absence thereof) depends not only on the host but also on the
parasite (Carval & Ferriere, 2010). This raises the following question: could there be
differences in the resistance-tolerance coupling upon infection of one host type with two
closely related parasite species? To answer this question, we infected four inbred mouse
strains and four groups of F1 hybrids representative of two house mouse subspecies,
M. m. domesticus and M. m. musculus, with three parasite isolates representative of two
naturally occuring parasite species, the protozoan parasite Eimeria ferrisi and E. falciformis
(Jarquin-Diaz et al., 2019). Eimeria spp. are monoxenous parasites that expand asexually
and reproduce sexually in intestinal epithelial cells, leading to malabsorption of nutrients,
tissue damage and weight loss (Chapman et al.,, 2013). The evolutionary history of these
different Eimeria species in the two house mouse subspecies is unknown and it is unclear

whether subspecies-specific adaptation exists in one or the other.

We tested if coupling between resistance and tolerance differs between both parasite species
and discussed the implication for parasite-host coevolution. As coevolving hosts and parasites
can adapt to their local antagonist, we tested local adaptation of E. ferrisi to Mus musculus, using
a parasite isolated in a M. m. domesticus host and one in a M. m. musculus host. Parasite local
adaptation corresponds to a higher parasite fithess in sympatric than in allopatric host, and
host local adaptation corresponds to a higher host fitness when infected with sympatric than

allopatric parasite (Schulte et al., 2011). If found, local adaptation would be indirect evidence
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for coevolution of this parasite with Mus musculus.

3.3 Material & methods

3.3.1 Parasite isolates

The three parasite isolates used in this study were isolated from feces of three different
M. m. domesticus/M. m. musculus hybrid mice captured in Brandenburg, Germany, in 2016
(capture permit No. 2347/35/2014). The parasite isolates belong to both the most prevalent
Eimeria species in this area, namely E. ferrisi (isolates Brandenburg64 and Brandenburg139)
and E. falciformis (isolate Brandenburg88)(Jarquin-Diaz et al., 2019). Isolate Brandenburg64
was isolated in a 92% M. m. domesticus individual (hybrid index (HI) = 0.08: Proportion of
M. m. musculus alleles in a set of 14 diagnostic markers, see Balard et al. (2020)), isolate
Brandenburg139 in a 85% M. m. musculus (HI=0.85) and isolate Brandenburg88 in a 80%
M. m. domesticus (HI=0.2). Pre-patency and the peak day of parasite shedding for these
isolates were estimated during infection in NMRI laboratory mice (Al-khlifeh et al., 2019) which
were also used for serial passaging of the isolates. Parasite infective forms (oocysts) were
recovered by flotation in saturated NaCl solution followed by washing and observation under
light microscope (following the protocol described in Clerc et al. (2019)) and stored at room
temperature in 1mL of 2% potassium dichromate for a maximum of 2 months before infection
of the wild-derived mice. Oocysts were allowed to sporulate 10 days before infection in a

water bath at 30°C.

3.3.2 Mouse groups

We used four wild-derived inbred mouse strains from which we generated four groups of F1
hybrids. Two parental strains represented M. m. domesticus: SCHUNT (Locality: Schweben,
Hessen, Germany [N: 50° 26’, E: 9° 36’] (Martincova et al., 2019b)) and STRA (Locality:
Straas, Bavaria, Germany [N: 50° 11’, E: 11° 46’] (Pialek et al., 2008), and two derived from
M. m. musculus: BUSNA (Locality: Buskovice, Bohemia, Czech Republic [N: 50° 14’, E: 13°
22’] (Pialek et al., 2008)) and PWD (Locality: Kunratice, Bohemia, Czech Republic [N: 50° 01’,
E: 14° 29’] (Gregorova & Forejt, 2000)). The four groups of F1 hybrids consisted of two
intrasubspecific hybrids (SCHUNTXSTRA and PWDxBUSNA) and two intersubspecific
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hybrids (STRAXxBUSNA and SCHUNTxPWD)(Figure 3.1). Age of the mice at the time of
infection ranged between 5.6 and 21.4 weeks. All mouse strains and F1 hybrids were
obtained from the Institute of Vertebrate Biology of the Czech Academy of Sciences in
Studenec (licence number 61974/2017-MZE-17214; for further details on strains see

https://housemice.cz/en).
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Figure 3.1: Parasite isolates and mouse wild-derived strains. (A) Map showing locations at
which mice were collected for breeding of mouse strains and isolation of parasites. The purple
line is an estimation of the center of the house mouse hybrid zone between M. m. domesticus
and M. m. musculus based on sampling and genotyping of mice in this area (Balard et al., 2020;
Dureje et al., 2012; Macholan et al., 2019). (B) The eight mouse groups (parents and F1s) used
in our experimental infections.

Parasites of the Eimeria genus are known to induce host immune protection against reinfection
(Rose et al., 1992; Smith & Hayday, 2000). To ensure that our mice were Eimeria-naive, mouse
fecal samples were tested before infection for the presence of Eimeria spp. oocysts by flotation

in saturated NaCl solution followed by washing and observation under light microscope.

3.3.3 Experimental infection

Mice were kept in individual cages during infection. Water and food (SNIFF, Rat/Mouse
maintenance feed 10 mm) were provided ad libitum supplemented with 1 g of sunflower and
barley seeds per day. Mice were orally infected with 150 sporulated oocysts of one Eimeria

isolate suspended in 100ul phosphate-buffer saline (PBS) and monitored daily until their
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sacrifice by cervical dislocation at time of regression of infection (reduction of oocyst output).
Individuals presenting severe health deficiency and/or a weight loss approaching 18% relative
to their starting weight were sacrificed earlier at defined humane end points (experiment
license Reg. 0431/17). Weight was recorded and feces collected on a daily basis. Fecal
pellets were collected every day from each individual cage and suspended in 2% potassium

dichromate. Parasite oocysts were recovered using NaCl flotation (see above).

All individuals were negative for Eimeria at the beginning of our experiment (before infection of
first batch, as described in the next paragraph). In total, 168 mice were infected. Mice were
randomly allocated to experimental groups ensuring homogeneous distribution of ages and
sexes between groups. Our experiments were conducted in four (partially overlapping)
consecutive batches for logistical reasons. The first two batches were infected with the two
E. ferrisi isolates (Brandenburg64 and Brandenburg139), the third and fourth by one E. ferrisi
isolate (Brandenburg64) and one E. falciformis isolate (Brandenburg88). Our experimental
design is summarized in Table 3.1 (chronology of experimental batches can be scrutinized in

Supplementary Table S3.1).

Mouse Eimeria

rou subspecies E. ferrisi E. ferrisi E. falciformis

group P Brandenburgl39 Brandenburg64 Brandenburg88
SCHUNT M.m.domesticus 7 (5M ] 2F) 14 (6M/ 8F) 6 (3M/ 3F)
STRA M.m.domesticus 6 (2M / 4F) 15 (8M/ 7F) 7 (4M /3F)
SCHUNTXSTRA F1 M.m.domesticus 6 (2M / 4F) 8 (5M/ 3F)
STRAXBUSNA F1 hybrid 8 (5M / 3F) 8 (3M /5F)
SCHUNTXPWD F1 hybrid 8 (3M/5F) 6 (4M ] 2F)
PWDxBUSNA F1 M.m.musculus 9 (4M / 5F) 7 (4M /3F)
BUSNA M.m.musculus 6 (2M / 4F) 14 (8M / 6F) 7 (3M /4F)
PWD M.m.musculus 6 (3M / 3F) 13 (10M / 3F) 7 (1M / 6F)

Table 3.1: Infection experiment design.

Nematode infection is common in breeding facilities (Baker, 1998) and could interact with
Eimeria (Clerc et al., 2019). We surveyed for their presence and nematode eggs were
observed in flotated feces of mice belonging to all genotypes before the experiment. Despite

treatment of the first infection batch of mice (B1, 22 mice) with anthelminthics (Profender®,

51



Bayer AG, Levekusen, Germany) following the protocole of Mehlhorn et al. (2005), nematodes
were still detected with PCR (following the protocole of Floyd et al. (2005)) in randomly
sampled fecal samples a week later. We therefore decided not to treat mice of the following
infection batches. Moreover, we observed Eimeria oocysts in the feces of 28 mice belonging
to the last experimental batch (batch B4) at the day of infection, likely due to
cross-contamination between batches. For following statistical analyses, we considered along
with the full data set (N=168) a conservative data set in which cross-contaminated animals
and animals treated by anthelminthic were removed (N=118). Results obtained on the
conservative data set can be found in Supplementary Material $3.2. Despite differences in
significance due to a lower statistical power, the main conclusions of our analyses were

consistent with those obtained on the main data set.

3.3.4 Statistical analyses

Choice of proxies for resistance, impact of parasite on host and tolerance

As resistance is the capacity of a host to reduce its parasite burden, it is usually estimated
by the inverse of infection intensity (Raberg et al., 2009). Pre-patency (the time to shedding of
infectious stages, so called oocysts) is longer for E. falciformis (7 days) than for E. ferrisi (5 days)
(Al-khlifeh et al., 2019). Therefore, as a proxy of (inverse of) resistance we used the number
of oocysts per gram of feces (OPG) at the day of maximal shedding. Using the Spearman’s
non-parametric rank correlation test, we found this measurement to be tightly correlated with the
sum of oocysts shed throughout the experiment (Spearman’s p=0.93, N=168, P<0.001). Due to
the aggregation characteristic of parasites (Shaw & Dobson, 1995), the appropriate distribution
for maximum number of OPG was found to be the negative binomial distribution. This was
confirmed based on log likelihood, AIC criteria and goodness-of-fits plots (density, CDF, Q-Q,
P-P plots; R packages MASS (Venables & Ripley, 2002) and fitdistrplus (Delignette-Muller &
Dutang, 2015)).

Both parasite species provoke inflammation, cellular infiltration, enteric lesions, diarrhea, and
ultimately weight loss (Al-khlifeh et al., 2019; Ankrom et al., 1975; Ehret et al., 2017; Schito et al.,
1996). Therefore, the impact of parasites on host health was measured as the maximum relative
weight loss compared to day 0 (body weight measured at the start of the experimental infection).

For mice sacrificed at humane end points before the end of the experiment, last weight of the
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living animal was used. This weight (loss) can be expected to be a very conservative estimate
for our analyses (rendering tolerance conservatively low for these animals, which might have

lost more weight if not sacrificed).

Tolerance is usually defined as a reaction norm, i.e. the regression slope of host fitness (or
health condition if that is the parameter of interest) on infection intensity per host genotype
(Raberg et al., 2009; Simms, 2000). Thus tolerance was assessed as the slope of maximum
relative weight loss compared to day 0 on number of OPG at the day of maximal shedding,
within each mouse group and for each parasite isolate. A steep slope indicates a low tolerance

(high weight lost for a given parasite burden).

Statistical modelling

Maximum OPG and relative weight loss were modelled separately as a response of either
mouse group, parasite isolate and their interaction. We used a negative binomial generalised
linear model for maximum OPG, and a linear model for relative weight loss. For tolerance, we
performed a linear regression with null intercept (as each mouse was controlled against itself
at start of the experiment, before losing weight or shedding parasite), modelling relative weight
loss as a response of maximum OPG interacting either mouse group, parasite isolate and
their interaction. To test the significance of the marginal contribution of each parameter to the
full model, each parameter was removed from the full model, and the difference between full

and reduced model was assessed using likelihood ratio tests (G).

For each of our model, we also asked within each parasite isolate if the response differed
between mouse groups using likelihood ratio tests (G) as described above. Of note, four mice
infected byE. falciformis isolate Brandenburg88 did not shed any oocysts as death occurred at
or one day before the peak of oocysts shedding in other mice. For this reason, we modelled
maximum OPG for mice infected with this parasite using a zero-inflated negative binomial
(ZINB) generalised linear model, after verifying that it provided a better fit than the simple

negative binomial based on log likelihood and AIC criteria.

Test of local adaptation

Local adaptation of E. ferrisi was tested using two isolates (the "Western” Brandenburg64 and

"Eastern” Brandenburg139) and our four parental mouse strains (the two M. m. domesticus
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Western SCHUNT and STRA, and the two M. m. musculus Eastern BUSNA and PWD). We
hypothesised a possible local adaptation of E. ferrisi, i.e. (1) a higher parasite fitness in
sympatric than in allopatric host, or (2) a higher host fithess when infected with sympatric than
allopatric parasite. The prediction drawn from (1) would be that the Eastern parasite (E. ferrisi
isolate Brandenburg139) reproduces better in the matching Eastern mouse subspecies
(M. m. musculus) than in the allopatric one (M. m. musculus), and similarly the Western
parasite (E. ferrisi isolate Brandenburg64) reproduce better in M. m. domesticus than in
M. m. musculus. According to hypothesis (2), a higher tolerance of each host infected by its
matching parasite despite similar parasite reproductive output could indicate increased host

fitness, and host local adaptation.

Test of coupling between resistance and tolerance

We tested coupling between resistance and tolerance for E. ferrisi and E. falciformis using the
isolates Brandenburg64 and Brandenburg88 and our eight mouse groups. To test such
coupling, one can assess the strength of correlation between measure of resistance and
measure of tolerance (Raberg et al., 2007). Of note, tolerance (in absolute value) is measured
as the slope « of the linear regression of parasite load (x) on maximum relative weight loss (y)
of equation y = « x + 3 (x being the slope and 3 the intercept, 0 in our case). Therefore,
tolerance is expressed as « = y/x — 3/x. As x and y/x are by definition not independent, testing
the correlation between resistance and tolerance can lead to spurious correlation (Brett,
2004). To alleviate the dangers of this statistical artifact, we additionally tested differences in
resistance, impact on health and tolerance between mouse groups separately and also the
underlying correlation between mean parasite load (x) and mean relative weight loss (y). We
use the terminology "coupling” (between resistance and tolerance) to describe genotype-level
correlation between tolerance and resistance additionally supported by the absence of positive
correlation between health-effect and resistance. Correlations were tested using Spearman’s

rank correlation.

All analyses were performed using R version 3.5.2 (R Development Core Team,
2013)(negative binomial: function gim.nb from R package MASS (Venables & Ripley, 2002);
ZIBN: function zeroinfl from R package pscl (Jackman, 2020; Zeileis et al., 2008); linear
model: function Im from R core package stats; mean and 95% confidence intervals: function
ggpredict from R package ggeffect (Ludecke, 2018)). Graphics were produced using the R
package ggplot2 (Wickham, 2016) and compiled using the free software inkscape
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(https://inkscape.org). Code and data used for this article can be found at:

https://github.com/alicebalard/Article_RelatedParasitesResTol

3.4 Results

3.41 General

Parasites of all isolates successfully infected all mouse groups (at the exception of 5 individuals
infected by E. falciformis isolate Brandenburg88 that died or had to be sacrificed due to a strong
weight loss before the peak of shedding for this parasite), meaning that no "qualitative infection
resistance” (sensu Gandon and Michalakis (2000)) was detected. For E. ferrisi (both isolates
Brandenburg139 and Brandenburg64), the pre-patent period was 5 days post infection (dpi)
and the median day of maximal oocyst shedding was 6 dpi (standard deviation sd=0.7 and 0.9,
respectively). The median day of maximum weight loss was 5 dpi for both isolates (sd=2.1 and
1.7 respectively). For E. falciformis (isolate Brandenburg88) pre-patency was 7 dpi, median
day of maximal shedding was 8 dpi (sd=1.3) and median day of maximal weight loss 9 dpi
(sd=1.6)(Figure 3.2).

A5 B 105

Eimeria isolate
—@— Brandenburg139 (E. ferrisi)
—-@-—Brandenburg64 (E. ferrisi)
Brandenburg88 (E. falciformis)

107 100

95

million oocysts per gram of feces
relative weight compared to day 0 (%)

01 2 3 45 6 7 8 9101 01 2 3 456 7 8 9 101
days post infection days post infection
Figure 3.2: Parasite density (A) and relative weight (B) during Eimeria infection. Parasite
density is calculated as number of oocysts detected (in millions) per gram of feces, relative
weight is calculated as the percentage of weight compared to day 0. Mean and 95% CI are
plotted for each parasite isolate. All mouse groups are pooled together.
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Of note a considerable number of mice infected with this isolate (13 out of 56 = 23% ) died or had
to be sacrificed at humane end points less than 3 days after the oocysts shedding peak for the
group, all belonging to M. m. musculus subspecies (PWD, BUSNA, or their F1 PWDxBUSNA,;
5 died at dpi 8, 5 at dpi 9, 3 at dpi 10). E. falciformis isolate Brandenburg88 was more lethal for

the M. m. musculus mice strains than for the other strains (2= 31.96, P<0.001; Table 3.2).

Mouse
subspecies group status at dpi 11
alive dead

Mmd SCHUNT 6 0
Mmd STRA 7 0
Mmd SCHUNTXSTRA 8 0
Mmd-Mmm STRAXBUSNA 8 0
Mmd-Mmm SCHUNTxPWD 6 0
Mmm PWDxBUSNA 4 3
Mmm BUSNA 3 4
Mmm PWD 1 6

total 43 13

Table 3.2: Contingency table: number of mice and status at dpi 11 for each mouse group upon
infection with E. falciformis isolate Brandenburg88.

3.4.2 No indication of local adaptation of E. ferrisi

We tested if our proxies for resistance, impact on weight and tolerance were different between
the four parental mouse strains and between both E. ferrisi infection isolates (isolate
Brandenburg64 and Brandenburg139). Maximum parasite load differed between mouse
strains (LRT: G=25.5, df=6, P<0.001), but the interaction term mouse strain-parasite isolate
was non significant (LRT: G=4.1, df=3, P=0.25). A similar result was found for maximum
relative weight loss (LRT: mouse strain: G=16.8, df=6, P=0.01; interaction mouse
strain-parasite isolate: G=4.1, df=3, P=0.25). This indicates that when resistance and impact
on weight vary between host strains, they do so independently of the parasite isolate.
Eventually, the variables mouse strain, parasite isolate and their interaction were found non
significant at the 0.05 threshold for the slope of the linear regression between the two,
indicating that differences of tolerance could not be detected between mouse strains or
parasite isolates (Figure 3.3). Our results do not indicate either (1) an increased reproduction
of each parasite in its matching host or (2) a higher tolerance of host infected by its matching
parasite despite similar parasite reproductive output. Thus they do not support the hypothesis

of local adaptation between E. ferrisi and its host.
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Figure 3.3: Comparison of resistance, impact on weight and tolerance between mouse
strains for both Eimeria ferrisi isolates. (A) Maximum oocysts per gram of feces used as a
proxy for (inverse of) resistance; (B) Impact on host health measured as the maximum weight
loss during patent period relative to starting weight (%); (C) Tolerance estimated by the slope of
the linear regression with null intercept modelling maximum relative weight loss as a response
of maximum oocysts per gram of feces. A steep slope corresponds to a low tolerance. We did
not detect (A) either higher parasite shedding of the Eastern parasite isolate in Eastern mouse
strains and vice versa or (C) higher tolerance of Eastern hosts infected by Eastern parasite
isolate and vice versa, thus our results do not support the hypothesis of local adaptation between
E. ferrisi and its host.
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3.4.3 Resistance and tolerance to E. ferrisi isolate Brandenburg64 are

uncoupled

We tested coupling between resistance and tolerance for E. ferrisi isolate Brandenburg64 in
our eight mouse groups. First, we tested whether our proxies for resistance, impact on weight
and tolerance were different between the mouse groups. We found the maximum number of
OPG and relative weight loss to be statistically different between mouse groups (LRT: maximum
number of OPG: G=26.6, df=7, P<0.001; Figure 3.4A; maximum relative weight loss: G=21.5,
df=7, P<0.01; Figure 3.4B). Tolerance was not found to significantly differ between mouse

groups for this parasite isolate (LRT: G=6.8, df=7, P=0.45; Figure 3.4C).

We found a non significant positive correlation between resistance (inverse of maximum
number of OPG) and impact on health (maximum weight loss) (Spearman’s p=0.69, P=0.07,
N=8; Figure 3.4D). Eventually, we did not find a correlation between resistance (inverse of
maximum number of OPG) and tolerance (inverse of slope of maximum weight loss on

maximum OPG) (Spearman’s p=0, P=1, N=8; Figure 3.4E).

In conclusion, we did not find indications of resistance-tolerance coupling for E. ferrisi isolate
Brandenburg64, the different mouse groups infected by this parasite presenting a similar level

of tolerance while showing an effect of quantitative resistance on health.
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Figure 3.4: No indication of resistance-tolerance coupling for E. ferrisi isolate
Brandenburg64. Colors represent mouse subspecies (blue: M. m. domesticus, red:
M. m. musculus, purple: Mmd-Mmm). Left side: comparison of maximum oocysts per gram
of feces used as a proxy for (inverse of) resistance (A), impact on weight measured as the
maximum weight loss during patent period relative to starting weight (B) and tolerance between
mouse groups estimated by the slope of the linear regression with null intercept modelling
maximum relative weight loss as a response of maximum oocysts per gram of feces, a steep
slope corresponding to a low tolerance (C). Maximum number of OPG and relative weight loss
differ between mouse groups, but tolerance is similar. Right side: non significant positive
correlation between mean maximum oocysts per gram of feces and mean relative weight
loss (D) and absence of correlation between maximum oocysts per gram of feces used as a
proxy for (inverse of) resistance and tolerance (E); Grey error bars represent 95% confidence
intervals. Our results do not support coupling between resistance and tolerance E. ferrisi isolate
Brandenburg64.

3.4.4 Coupling between resistance and tolerance to E. falciformis

We then tested coupling between resistance and tolerance for E. falciformis isolate
Brandenburg88 in our eight mouse groups. First, we tested if our proxies for resistance,
impact on weight and tolerance were different between the mouse groups. We found the
maximum number of OPG and relative weight loss to be statistically different between mouse

groups (LRT: maximum number of OPG: G=28.6, df=14, P=0.012; Figure 3.5A; maximum
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relative weight loss: G=21, df=7, P<0.01; Figure 3.5B). Finally, contrary to our results on
E. ferrisi isolate Brandenburg64, the tolerance slopes for E. falciformis isolate Brandenburg88

were different between mouse groups (LRT: G=13.9, df=7, P=0.05; Figure 3.5C).

We detected a strong negative correlation between (inverse of) resistance (maximum number of
OPG) and tolerance (inverse of slope of maximum weight loss on maximum OPG) (Spearman’s
p=-0.95, P=0.001; Figure 3.5E). We conclude that this correlation is unlikely a statistical artifact,
as (1) mouse groups present statistically different values of resistance and tolerance and (2) we
found a (non significant) negative correlation between resistance (inverse of maximum number
of OPG) and impact on health (maximum weight loss) (Spearman’s p=-0.5, P=0.22; Figure

3.5D), indicating that mouse groups losing more weight also shed less parasites.

We conclude that our results indicate the presence of negative resistance-tolerance coupling

for E. falciformis isolate Brandenburg88.
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Figure 3.5: Coupling between resistance and tolerance for E. falciformis isolate
Brandenburg88. Colors represent mouse subspecies (blue: M. m. domesticus, red:
M. m. musculus, purple: Mmd-Mmm). Left side: comparison of maximum oocysts per gram
of feces used as a proxy for (inverse of) resistance (A), impact on weight measured as
the maximum weight loss during patent period relative to starting weight (B) and tolerance
between mouse groups estimated by the slope of the linear regression with null intercept
modelling maximum relative weight loss as a response of maximum oocysts per gram of
feces, a steep slope corresponding to a low tolerance (C). Maximum number of OPG, relative
weight loss and tolerance differ between mouse groups. Right side: non significant negative
correlation between mean maximum oocysts per gram of feces and mean relative weight loss
(D) and strong negative correlation between maximum oocysts per gram of feces used as a
proxy for (inverse of) resistance and tolerance (E); Grey error bars represent 95% confidence
intervals. Our results support coupling between resistance and tolerance E. falciformis isolate
Brandenburg88.

3.5 Discussion

In this study, we assessed resistance and tolerance to two closely related parasites, E. ferrisi
(two isolates) and E. falciformis (one isolate), in four mouse strains and their intra-and

intersubspecific hybrids. Understanding this coupling has two major implications.
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From a practical "measurement” perspective we can ask whether tolerance can be predicted
from resistance, as the latter is easier to measure (e.g. in field sampling). Many studies
assess the impact of parasites on host fitness based on resistance. If, as we found in the
present study, resistance and tolerance are decoupled this can be missleading. In our host
system, the house mice, for example, it has been shown that hybrids between
M. m. domesticus and M. m. musculus are more resistant to parasites (Baird et al., 2012),
including Eimeria, but tolerance could not be measured under natural conditions (Balard et al.,
2020). The effect of parasites on host fithess in the evolution of the house mouse hybrid zone
is thus still rather ambiguous (Baird & Golly de Bellocq, 2019). We show that careful
distinction between parasite species is necessary when analysing parasite host interaction
(see also Jarquin-Diaz et al., 2019) and that it is indispensable to measure both resistance

and tolerance in Eimeria infections of house mice.

More generally, in a evolutionary perspective, coupling between resistance and tolerance
might determine whether coevolution between host and parasite can be expected. As such,
coevolution in host-parasite systems is often assumed but rarely proven (Woolhouse et al.,
2002). Janzen (1980) notes that not all parasite-host systems are coevolving. The presence
of efficient host defences against a given parasite is not necessarily produced in response to
this parasite specifically and the parasite does not necessarily respond specifically. In the
mouse-E. ferrisi system, where resistance and tolerance are decoupled, host and parasite
fitness might be decoupled as a result, making host-parasite coevolution less likely. In the
mouse-E. falciformis system we found a negative coupling between tolerance and resistance,

making coevolution between host and parasite more likely.

Differences between parasite species could explain the evolution of different strategies:
E. ferrisi commits to sexual reproduction after a relatively short time with few cycles of asexual
expansion (Al-khlifeh et al., 2019; Ankrom et al., 1975), while E. falciformis has a relatively
longer life cycle (Al-khlifeh et al., 2019; Haberkorn, 1970). As E. ferrisi infections do not reach
extremely high intensities, high tolerance might be the optimal strategy for both house mouse
subspecies. Resistance could then evolve relatively freely without any major impact of the
parasite on the hosts’ health. Moreover, our results did not support local adaptation of
E. ferrisi, which might be explained by the absence of host-parasite coevolution caused by
uncoupling of parasite and host fitness. In the case of E. falciformis, the long life cycle might
lead to high tissue load. Tissue damage is observed during sexual reproduction for this

parasite (Ehret et al., 2017) and might mean that a certain level of resistance is required. On
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the other hand, immunopathology has been observed in advanced E. falciformis infections
(Stange et al., 2012). These intrinsic characteristics of E. falciformis might lead to multiple

different optima for resistance and tolerance, leading to a trade-off.

In addition, we could speculate on two related alternative explanations. Firstly, E. falciformis
could originally be a M. m. domesticus parasite dissipated into M. m. musculus territory by a
spillover through the hybrid zone. Secondly, the particular E. falciformis isolate employed here
was collected from a predominantly M. m. domesticus mouse (hybrid index 0.2). The isolate
could hence be locally adapted to M. m. domesticus. Experiments with additional E. falciformis
isolates from M. m. musculus are needed to test whether host subspecies adaptation can lead
to high tolerance and low resistance in matching pairs of E. falciformis isolates and mouse
subspecies. This seems plausible, as the coupling between resistance and tolerance links host
and parasite fithess, making coevolution and hence local adaptation more likely. Interestingly,
this parasite-host coevolution wouldn’t be antagonistic but rather mutualistic with regards to
tolerance and parasite reproduction (that is, the inverse of resistance) (Little et al., 2010; Raberg
et al., 2009). Alternatively, though descriptive, molecular-genetic analyses of diagnostic marker
can be used to infer coevolutionary pathways between host and their parasites (e.g. Goly

de Bellocq et al., 2018; Kvac et al., 2013).

In conclusion, we argue that the difference between resistance and tolerance coupling in two
different parasites can guide research in the house mouse system: if the effects of host
hybridisation should be studied independently of potential host-parasite coadaptation, the
prevalent E. ferrisi might be the most suitable parasite. If coevolution between hosts and
parasites should be studied, the pathogenic E. falciformis is a more plausible target.
Generally, the coupling between resistance and tolerance can differ between closely related
parasite species and we argue that this trait of a host-parasite system determines the

questions to be best approached with a particular parasite.
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Chapter 4

General discussion

4.1 Summary of the studies

Using field sampling and laboratory infection of wild and wild-derived mice from the European
house mouse hybrid zone (HMHZ) between M. m. domesticus and M. m. musculus, we asked
(1) whether hybrid mice are more or less resistant than their parents to Eimeria spp., and (2)

whether resistance and tolerance are decoupled in two Eimeria species.

In Chapter 2, we found that for both intracellular Eimeria spp. and extracellular pinworms,
parasite intensities are significantly lower in hybrid mice than in parental genotypes. We tested
potential over or under-mortality of hybrids, as well as difference of prevalence in the centre of
the zone, and could not detect either of these effects. We concluded that hybrid mice are more

resistant to parasites than their parents in this system (Figure 4.1).
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Figure 4.1: Lower intensity of infection with intracellular Eimeria spp. and extracellular
pinworms in the centre than in the edges of the HMHZ without evidence of decreased
parasite prevalence towards the centre: hybrid resistance hypothesis is favoured. The
hybrid index is represented as a gradient ranging from 0 (pure Mmd, in blue) to 1 (pure Mmm,
in red)

These findings alone do not allow to draw conclusions on hybrid host fitness in relation to
parasites. In order to do so, there is a need to investigate the link between resistance and host
health, or more precisely to test the coupling between resistance and tolerance, which was the
second aim of this thesis. In Chapter 3, we infected four wild-derived inbred strains, two Mmd
and two Mmm, with three isolates from two Eimeria species, namely E. falciformis and
E. ferrisi. We found a trade-off between resistance and tolerance for E. falciformis, and that
these defense mechanisms were decoupled for E. ferrisi. We demonstrated the necessity of
studying not only resistance but also tolerance in order to assess the impact of parasite on

health, and to do so at the parasite species level (Figure 4.2).
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Figure 4.2: Coupling between resistance and tolerance for two different Eimeria species.
Upper left corner: low tolerance area (strong impact on health despite low parasite load). Lower
right corner: high tolerance area. We found a resistance/tolerance trade-off upon infection with
E. falciformis, absent in the case of E. ferrisi

The results of our first study (Chapter 2) indicate that hybrid mice resist parasites better than
parental subspecies. If there are incompatibilities in the hybrid genomes associated with
resistance, they are likely compensated by the advantage of recombinations. As presented in
the introduction of this thesis, previous field studies and laboratory experiments failed to reach
a consensus. We believe it is necessary to review previous studies on hybrid resistance in this

system in an attempt to settle the debate.

4.2 Discrepancies between studies on hybrid resistance or
susceptibility to parasites in the HMHZ are likely explained by

methodological issues

At the light of our new results, and in order to understand the discrepancies between studies, we
summarise in Table 4.1 the key characteristics of each study explicitly addressing differences

between hybrid and parental subspecies parasite load in the HMHZ.

Reviewing the main differences between all studies, we see first that there seems to be a
change over time, from hybrid susceptibility to hybrid resistance. In particular, the two field
studies concluding on hybrid susceptibility (Moulia et al., 1991; Sage et al., 1986) rely on data

collected about twenty years earlier than the two field studies concluding on hybrid resistance
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(Baird et al., 2012; Balard et al., 2020). One could suspect a change of hybrid response to
parasite in terms of resistance of susceptibility over time. Indeed, Wolinska et al. (2008)
proposed that parasites could represent a dynamic selective force in hybrid zones.
Frequency-dependent selection could explain oscillations between hybrid resistance and
hybrid susceptibility scenarios. According to this model, parasites adapt alternatively to the
most common host taxon, represented either by parents or by hybrids. If parasites decrease
host fitness, the relatively more infected host taxon decreases in prevalence. Eventually the
other taxon becomes the most common one, targeted by parasites, and the cycle goes on.
Nevertheless, as noted by Baird et al. (2012), the HMHZ system lacks F1 and early
generations hybrids: late generation, highly recombinant hybrids represent a highly diverse
genetic pool of individuals rather than one homogeneous taxon. Thus, this
frequency-dependent selection dynamic is unlikely to apply in our system. Then, the question
of hybrid resistance/susceptibility has been asked in a full range of geographical locations
(column “Origin of mice” of Table 4.1). Hybrids could be either more susceptible or resistant to
parasites in different part of the zone. This is nevertheless contradicted by the fact that several
studies performed in Germany on the same parasites, intestinal helminths, showed opposite
results (hybrid susceptibility for Sage et al., 1986, hybrid resistance for; Baird et al., 2012;
Balard et al., 2020).
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Table 4.1: List of studies addressing relative parasite load of hybrids compared to parental subspecies in the HMHZ. The last column
shows the main result of each study, either “hybrid susceptibilities” if hybrids were found to harbour significantly more parasites than parental
subspecies, “hybrid resistance” in the opposite case, and in one case “no hybrid effect on resistance” if no significant difference between parasite
load in hybrids and parental subspecies could be detected.



Technical and statistical differences between the studies seem more likely to explain the
observed discrepancies. One major difference between studies is the characterisation of
hybrids (see Table 4.1). The two more recent studies (including ours), besides examining the
highest number of mice, considered these mice on a continuum of hybridization rather than as
in arbitrary categories. Moreover, each study using the categorical approach used a different
threshold, the more stringent Moulia et al. (1991) considering that a mouse presenting
between 20 to 60% of Mmd alleles constitutes a hybrid, the more relaxed (Moulia et al. (1993))
2 to 97%. Dichotomization of continuous variables, the practice of converting data sampled
along a continuum into categories, is harmful to data analysis (MacCallum et al., 2002). In our
system, if there is an effect of hybridization on immune genes, hybrid resistance or
susceptibility must be higher in the most introgressed mice (Baird et al., 2012).

Dichotomization of hybrid index ignores this relationship, and can mislead the results.

To conclude on this section, we can say that the pioneer study Sage et al. (1986) raised a
fascinating question regarding the possible role of parasites in the hybridization process. About
this first work, Klein (1988) wrote that “the data are too preliminary to qualify for inclusion in
a textbook”. He qualifies the conclusion of this study “a finding that still awaits confirmation
on a truly representative sample”. It seem likely that original limitations of statistical methods
are the main reason for the observed discrepancies in the follow up works. At the light of
our summarized review, we can be confident that hybrids in the HMHZ are more resistant to

parasites than parental subspecies.

As described in the introduction of this thesis, there has been a long lasting controversy on
(1) the relative load of parasites in hybrids vs. parentals, and (2) the effect of parasitism as
selective factor against hybrid mice in the HMHZ. Once agreed on the direction of hybrid effect
on resistance to parasite, one needs to question the actual effect of an increased resistance on

the overall fithess of hybrids.

4.3 Studies of parasite selective pressure on their hosts require a

switch of focus from resistance to tolerance

Since the end of 1990s, numerous studies have discussed the role of parasites in hybridizing
animal systems (see reviews by Fritz et al. (1999), Karvonen and Seehausen (2012) and

Theodosopoulos et al. (2019)). Of note, Baird and Gouly de Bellocq (2019) argue that directly
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linking differential resistance to differential fitness in hybrids compared to parents is a
dangerous shortcut, because tolerance could distort the link between parasite load and
fitness. Unfortunately, only a few studies focusing on parasite as selective factors in
hybridizing systems measure jointly resistance and tolerance in hybrids compared to parents.
For example, in the freshwater snails genus Melanopsis, resistance against trematodes was
found higher in hybrids than in parental taxa, and damaging parasite-induced gigantism (a
measure of tolerance) was absent in hybrids and present in all parental taxa (Guttel &
Ben-Ami, 2014). Such approach truly allows to conclude on an impact of parasitism on the

maintenance of species barrier in this system.

In our system, the field study alone allowed to test relative hybrid resistance, but testing
relative hybrid tolerance was particularly challenging (Chapter 2). Moreover it would not have
been possible to test the difference between Eimeria species in the field due to the low
prevalence of E. falciformis leading to a lack of statistical power. We chose to use a
complementary laboratory approach to address resistance and tolerance altogether. Although
laboratory inbred mice represent only a small proportion of the diversity observed in the wild,
we were able to gain insight on the coupling of resistance and tolerance in both parental
subspecies (Chapter 3). More specifically, Eastern mice (Mmm) strains resist the parasite
E. falciformis similarly or even more than Western (Mmd) mouse strains, but do not tolerate it
as well. We can argue that the tolerance mechanisms involved in response to infection by this
parasite differ in each host subspecies. During hybridization, the increased resistance of
hybrids against Eimeria likely comes from recombinations in parts of the immune system
responsible of resistance (Chapter 2). There is no evidence that tolerance, especially if
implying different mechanisms in each parental subspecies, would be affected the same way
upon hybridization. Preliminary experimental infection of four F1 crossings (two outbred pure
subspecies (Mmd or Mmm), and two Mmd-Mmm hybrids) did not allow to detect effect of
hybridization on tolerance (unpublished data), though this experiment contained a low number
of mice and has to be repeated to gain sufficient statistical power. At this stage, we might still
assume that parasites could play a role as selective factor advantaging (or penalising) hybrids
in the HMHZ, even if our sample does not show such a role, which is an incentive for further

experimental testing.
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4.4 Conclusion and perspective

During this PhD project, we argue that we settled the debate on hybrid resistance or
susceptibility to parasites in the European house mouse hybrid zone: hybrid mice are more
resistant to parasites than parental host subspecies, and contradicting results of part of the
previous studies likely find their origin in technical and statistical limitations. Moreover, we
found differences in coupling of resistance and tolerance between two closely related
parasites in laboratory infection, showing the necessity of measuring jointly resistance and

tolerance before drawing conclusions on the impact of parasitism on species barriers.

In future, relative tolerance in hybrids compared to parental mice could be assessed in a control
setting. To control for the deleterious effects of inbreeding, one should compare tolerance to
both Eimeria species between intra- and inter-subspecies mouse groups, using for example the
maximum likelihood optimization approach developped in Chapter 2. This would allow to finally

tackle the issue of impact of parasite on species barrier in this system.

71



Summary

Resistance and tolerance to Eimeria in the European house mouse hybrid zone

Genetic diversity in animal hybrids can affect each physiological system differently. If
reproduction usually suffers from breakdown of coadapted complexes, resistance to parasite
could benefit from the novelty brought by recombination. The question of hybrid relative
resistance or susceptibility to parasites in the European house mouse hybrid zone has been
discussed for the past thirty years, leading to contradictory conclusions on relative hybrid
fitness. But drawing conclusions on hybrid host fitness in relation to parasites requires first to
investigate the link between resistance and host health. Resistance (the host’s capacity to
reduce parasite burden) and tolerance (the host’s capacity to reduce impact on host health of
a given parasite burden) manifest two different lines of immune defences. Trade-offs arise, as
resistance limits infection load and thereby the scope of possible tolerance, and both
resistance and tolerance can be costly in terms of resource allocation.

During this PhD project, we assessed infections by intracellular protozoans, Eimeria spp.,
using field sampling and laboratory infection of wild and wild-derived mice from a hybrid zone
between Mus musculus domesticus and Mus musculus musculus. We asked (1) whether
hybrid mice are more or less resistant than their parents and (2) how resistance and tolerance
are correlated, this correlation potentially differing between Eimeria species. We found lower
intensities in hybrid hosts than in parental mice and no evidence of lowered probability of
infection or increased mortality in the centre of the hybrid zone. This challenges the
longstanding impression that hybrid mice are more highly parasitised than parentals. Upon
experimental infection, we found a trade-off between resistance and tolerance in E. falciformis,
but not in E. ferrisi. Building on previous research showing that resistance and tolerance
should be studied jointly, our results show that assumptions on coupling of the two can not be

transferred across even closely related parasite taxa. We showed that the impact of
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parasitism on hybrid fitness is a complex matter that needs to be investigated for each
parasite beyond the measurement of hybrid vigour on resistance, taking into account possible

trade-offs between resistance and tolerance.
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Zusammenfassung

Resistenz und Toleranz gegeniiber Eimeria in der europdischen Hausmaus-Hybridzone

Die genetische Vielfalt von Tierhybriden kann jedes physiologische System unterschiedlich
beeinflussen. Auch wenn die Fortpflanzung in der Regel unter dem Abbau koadaptierter
Komplexe leidet, kénnte die Resistenz gegen Parasiten gleichzeitig von der Neuheit
profitieren, die die Rekombination mit sich bringt. Die Frage der relativen Hybridresistenz oder
der Anfélligkeit fur Parasiten in der europdischen Hausmaus-Hybridzone wird seit dreiRig
Jahren diskutiert, was zu widerspruchlichen Schlussfolgerungen Uber die relative
Hybridfitness gefiihrt hat. Um jedoch Schlussfolgerungen (ber die Fitness von Hybriden in
Bezug auf Parasiten ziehen zu kdénnen, muss zunachst der Zusammenhang zwischen
Resistenz und Gesundheit des Wirts untersucht werden. Resistenz (die Fahigkeit des Wirtes,
die Parasitenlast zu reduzieren) und Toleranz (die Fahigkeit des Wirtes, die Auswirkungen
einer gegebenen Parasitenlast auf die Gesundheit des Wirtes zu reduzieren) manifestieren
zwei verschiedene Linien der Immunabwehr. Es kommt zu Kompromissen, da die Resistenz
die Infektionslast und damit den Umfang der mdglichen Toleranz begrenzt und sowohl
Resistenz als auch Toleranz im Hinblick auf die Ressourcenallokation kostspielig sein kbnnen.
Wahrend dieses Dissertationsprojekts untersuchten wir Infektionen durch intrazellulare
Protozoen, Eimeria spp., anhand von Feldproben und Laborinfektionen von wilden und
ursprianglich aus der Wildnis stammenden Mausen aus einer Hybridzone zwischen Mus
musculus domesticus und Mus musculus musculus. Wir fragten: (1) ob Hybridmause mehr
oder weniger resistent als ihre Elterntiere sind und (2) in welcher Form Resistenz und Toleranz
korrelieren, und ob diese Korrelation sich bei unterschiedlichen Eimeria-Arten verandert. Wir
fanden niedrigere Intensitdten in hybriden Wirten als in elterlichen Mausen und keinen
Hinweis auf eine verminderte Infektionswahrscheinlichkeit oder erh6hte Mortalitat im Zentrum

der Hybridzone. Dies stellt den seit langem bestehenden Eindruck in Frage, dass
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Hybridmause starker parasitiert werden als Elterntiere. Bei der experimentellen Infektion
fanden wir einen Kompromiss zwischen Resistenz und Toleranz bei E. falciformis, aber nicht
bei E. ferrisi. Aufbauend auf friiheren Forschungsarbeiten, die gezeigt haben, dass Resistenz
und Toleranz gemeinsam untersucht werden sollten, zeigen unsere Ergebnisse, dass die
Annahmen zur Kopplung der beiden nicht einmal auf eng verwandte Parasitentaxa Ubertragen
werden kdnnen. Wir zeigten, dass der Einfluss des Parasitismus auf die Fitness von Hybriden
eine komplexe Angelegenheit ist, die fiir jeden Parasiten Uber die Messung der Hybridkraft auf
die Resistenz hinaus untersucht werden muss, wobei moégliche Kompromisse zwischen

Resistenz und Toleranz berucksichtigt werden mussen.
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Supplementary Figure S2.1. Number of markers used for each analysis. Histogram of
distribution, and raw data with smooth along hybrid index (HI). Blue line: smooth using method
“loess”. Some mice are genotyped with less markers, nevertheless the distribution is constant
along the hybrid scale.
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Supplementary Figure S2.2. Distribution of helminths counts in all mice investigated for worms
(N=585).

Supplementary Table $2.3. Raw data. Table not included in the present thesis; can be
downloaded at https://onlinelibrary.wiley.com/doi/full/10.1111/jeb.13578, in the section
Supporting information, jeb13578-sup-0006-TableS3.xIsxMS Excel, 108.8 KB
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Behnke Prevalence Prevalence

Body Negative Positive Total Negative  Positive Total
1976 age . . . ) per group o L L per group
) weight (pinworms) (pinworms) (pinworms) (Eimeria) (Eimeria) (Eimeria) .
categories (pinworms) (Eimeria)
under 5
“Weanlings” 2 0 2 0% 2 1 3 33%
gms
“Young” 6-9 gms 22 14 36 39% 28 5 33 15%
“Juvenile” 10-13 gms 57 49 106 46% 68 22 90 24%
“Mature” 14-17 gms 81 102 183 56% 107 23 130 18%
“Adult” 18-21 gms 62 82 144 57% 87 13 100 13%
over 21
“Ola” 54 60 114 53% 22 6 28 21%
gms
) o Prevalence ) o Prevalence
Negative Positive Total Negative  Positive Total
Sex per sex per sex
(pinworms) (pinworms) (pinworms) (Eimeria) (Eimeria) (Eimeria)
(pinworms) (Eimeria)
Female 155 166 321 52% 176 40 216 19%
Male 123 141 264 53% 138 30 168 18%

Supplementary Table $2.5. Table of prevalence of pinworms and Eimeria spp. by weight
category and sex.

pinworms
absence presence total
absence 146 167 313
Eimeria presence 26 44 70
total 172 211 383

Supplementary Table $2.6. Contingency table Eimeria/pinworms presence/absence.
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Supplementary Figure S2.7. Probability of infection is constant and intensity of
Eimeria ferrisi infection is reduced in hybrids. The predicted probability of infection does
not differ in more admixed mice (a) for males (green) and females (orange)(average overall
observed probability of infection (prevalence) for males and females considered together: grey
dotted line). Eimeria ferrisi intensity (white dots = individual mice) is reduced at intermediate
values of the hybrid index (b), represented as a gradient ranging from 0 (pure Mmd, in blue) to
1 (pure Mmm, in red). The optimized fit is represented by a solid line, the 95%CI of the fit as
all parameters are allowed to vary in their 95%Cl, is plotted as a grey ribbon. The 95%CI of
the hybridization parameter alpha, as all parameters are fixed to their fitted value while alpha is
allowed to vary in its 95%Cl, is plotted as dashed lines
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Supplementary Figure S2.8. No decrease or increase in mortality in more admixed mice.
Body weight used as a proxy for age (white dots = individual mice) is constant along the hybrid
index. The optimized fit is represented by a solid line, the 95%CI of the fit as all parameters
are allowed to vary in their 95%Cl, is plotted as a grey ribbon. The 95%CI of the hybridization
parameter alpha, as all parameters are fixed to their fitted value while alpha is allowed to vary
in its 95%Cl, is plotted as dashed lines.
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P-value P-value
Weibull (h : !ghc:' (alph (h :Eh:- (alph L L1 L2 L2 s s
\ybridization al A VS ybridization (Ql A Vs
. effect: P effect) P (load Mmd) (load Mmd) (load Mmm) (load Mmm) (shape) (shape) G-fest vs HO G-fest vs H1 G-test vs H2
distribution ) no alpha) no alpha) @ g @ . @ o
©® ) g g
Eimeria intensity dlL  dDF p-value| diL  dDF p-value |[dLL  dDF p-value
HO 0.74 0.02 -0.70 2.33
H1 0.85 0.01 -1.01 010 2.38 0.65 1 0.26
H2 0.79 0.03 0.67 0.38 -0.35 -1.10 2.39 227 0.30 3 0.89
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distribution P! o p @ g © g © g @ g from addifive from addifive
(Q) (Q) 5 model) model)
Pinworm intensity dlL dDF p-value| diL  dDF p-value |[dLL  dDF p-value
HO 0.91 0.01 44.46 1.78 -0.90
H1 111 <0.001 3212 61.95 1.75 1.68 -0.77 5.56 2 <0.01
H2 0.64 0.22 1.39 <0.01 49.76 39.60 1.72 1.88 0.73 -1.79 772 4 <001
H3 0.91 0.04 1.46 <0.001 35.57 30.38 68.67 51.84 1.45 210 2.00 1.33 -1.04 -1.23 9.01 6 <001 685 4 <001

Supplementary Table $2.9. Models full parameters.




Supplementary figures chapter 3
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Supplementary Tabel S$3.1. Chronology of experimental infections.
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Supplementary Material $3.2. Conservative dataset.
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Supplementary Figure $3.2.1. Comparison of resistance, impact on weight and tolerance
between mouse strain for both Eimeria ferrisi isolates. (A) Maximum oocysts per gram of feces
used as a proxy for (inverse of) resistance; (B) Impact on host health measured as the maximum
weight loss during patent period relative to starting weight (%); (C) Tolerance estimated by the
slope of the linear regression with null intercept modelling maximum relative weight loss as a
response of maximum oocysts per gram of feces. A steep slope corresponds to a low tolerance.
We did not detect (A) either higher parasite shedding of the Eastern parasite isolate in Eastern
mouse strains and vice versa (LRT interaction factor mouse strain-parasite isolate: G=6.9,
df=3, P=0.74) or (C) higher tolerance of Eastern hosts infected by Eastern parasite isolate and
vice versa (LRT interaction factor mouse strain-parasite isolate: G=3.1, df=3, p=0.38), thus our
results do not support the hypothesis of local adaptation between E. ferrisi and its host.
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Supplementary Figure $3.2.1. No indication of resistance-tolerance coupling for E. ferrisi
isolate Brandenburg64. Colors represent mouse subspecies (blue: Mmd, red: Mmm, purple:
Mmd-Mmm). Left side: comparison of maximum oocysts per gram of feces used as a proxy
for (inverse of) resistance (A), impact on weight measured as the maximum weight loss during
patent period relative to starting weight (B) and tolerance between mouse strains estimated
by the slope of the linear regression with null intercept modelling maximum relative weight
loss as a response of maximum oocysts per gram of feces, a steep slope corresponding to
a low tolerance (C). Maximum number of OPG and relative weight loss differ between mouse
strains (LRT: maximum number of OPG: G=22.6, df=7, p=0.002; maximum relative weight loss:
G=21.7, df=7, p=0.0028), but tolerance is similar (LRT: G=5.4, df=7, p=0.62). Right side: non
significant positive correlation between mean maximum oocysts per gram of feces and mean
relative weight loss (D) and absence of correlation between maximum oocysts per gram of feces
used as a proxy for (inverse of) resistance and tolerance (E); Grey error bars represent 95%
confidence intervals. Our results do not support coupling between resistance and tolerance
E. ferrisi isolate Brandenburg64.
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Supplementary Figure $3.2.1. Coupling between resistance and tolerance for E. falciformis
isolate Brandenburg88. Colors represent mouse subspecies (blue: Mmd, red: Mmm, purple:
Mmd-Mmm). Left side: comparison of maximum oocysts per gram of feces used as a proxy
for (inverse of) resistance (A), impact on weight measured as the maximum weight loss during
patent period relative to starting weight (B) and tolerance between mouse strains estimated by
the slope of the linear regression with null intercept modelling maximum relative weight loss
as a response of maximum oocysts per gram of feces, a steep slope corresponding to a low
tolerance (C). Maximum number of OPG, relative weight loss and tolerance differ between
mouse strains (LRT: maximum number of OPG: G=24, df=14, p=0.046; maximum relative
weight loss: G=20.1, df=7, p=0.005; tolerance: G=20.2, df=7, p=0.0051). Right side: non
significant negative correlation between mean maximum oocysts per gram of feces and mean
relative weight loss (D) and non significant negative correlation between maximum oocysts
per gram of feces used as a proxy for (inverse of) resistance and tolerance (E); Grey error
bars represent 95% confidence intervals. Our results present indications of coupling between
resistance and tolerance E. falciformis isolate Brandenburg88, with lower support than the full
dataset likely due to the lower statistical power.
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