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Host-parasite coevolution is believed to be a major force driving pheno-
typic and genotypic diversity, notably, through the maintenance of sexual
reproduction, as proposed in the Red Queen theory. To understand how
resistance evolves in the host, a large body of theory about the dynamics
of resistance and its underlying genetics has been proposed. However, em-
pirical data about the long-term evolution of resistance and its underlying
genetics is still scarce. In this thesis, | monitor the evolution of resistance
in a natural population of the freshwater crustacean Daphnia magna un-
dergoing strong epidemics of the bacterial parasite Pasteuria ramosa, and |
investigate the associated underlying genetics of resistance.

The focal population of this thesis occurs in the Aegelsee in Frauenfeld,
Switzerland. In this population, D. magna resistance to P ramosa increases
during the planktonic season of the host, and I show that these phenotyp-
ic changes are caused by parasite-mediated selection (Chapter 1). In this
first chapter, | further investigate the genetic architecture of resistance in
the host using a genome-wide association approach combined with genetic
crosses and find that resistance is determined by two loci strongly linked
with epistasis. In Chapter 2, the evolution of resistance in the host popula-
tion over eight consecutive planktonic seasons is revealed. Every season,
selection increases resistance in the host population, and sexual reproduc-
tion causes genetic slippage to reset resistance diversity in the first host
cohort of the following season. Sampling of the sexual eggs, and the genetic
model of resistance described in Chapter 1, allows me to partially predict
the observed resistance diversity resulting from recombination. In Chapter
3, I further expand the genetic model of resistance to P ramosa in D. ma-
gna using genetic crosses coupled with a PoolSeq association approach and
find that epistasis plays a major role linking the different resistance loci
found in the host. The first step of the infection process in the D. magna-P.
ramosa system is the attachment of the bacterial endospores to the host
cuticle. Attachment has been shown to be highly specific and is thus crucial
for the study of host-parasite interactions. The resistance phenotype in the
host can be easily scored in the laboratory with an attachment test, where
fluorescent spores are fed to the host and attachment is observed under the
microscope. Until recently, clear attachment patterns had been observed
in two sites of the gut cuticle. In Chapter 4, I use new isolates of P. ramosa
and describe a much higher diversity of attachment sites and patterns than
previously described.






The evolution of resistance is of major interest in a variety of fields, such
as epidemiology (Galvani 2003), conservation (Kilpatrick 2006), agronomy
(Mithila et al. 2011), and medicine (Woolhouse et al. 2002). The evolution
of resistance has the potential to be rapid in the face of parasite-mediat-
ed selection (Kurtz et al. 2016; Morgan and Koskella 2017; Koskella 2018)
and is suggested to be associated with changes in allele frequency at the
underlying resistance genes (Schmid-Hempel 2011). Indeed, dynamics of
resistance genes are central in host-parasite coevolution theory (Bergelson
et al. 2001; Tellier et al. 2014; Gibson et al. 2018). Two main models of al-
lele frequency dynamics have been proposed to ensue from host-parasite
interactions: oscillations caused by negative indirect frequency-dependent
selection (NFDS) (Hamilton et al. 1990; Lively 2010), and selective sweeps
caused by directional selection (Gomez et al. 2015; Retel et al. 2019). In
contrast with the large body of theory investigating the dynamics of resis-
tance in the host, the observation of resistance evolution is rarely associat-
ed to its underlying genetics (Turko et al. 2018).

To link the evolution of resistance to dynamics of allele frequency, under-
standing the genetic architecture of resistance is necessary. Host-parasite
coevolution theory proposes many genetic models that try to make sense
of the evolution and maintenance of diversity and sexual reproduction
through interaction with parasites (Agrawal and Lively 2002; Otto and
Nuismer 2004; de Visser and Elena 2007; Thrall et al. 2016). Resistance is
suggested to be coded by a few loci with strong effect (Sasaki 2000; Tellier
and Brown 2007), presenting dominance patterns and linked with epis-
tasis (Howard and Lively 1998; Salathé et al. 2008; Kouyos et al. 2009). In
a few plant and animal model systems, this has been corroborated (Li and
Cowling 2003; Carton etal. 2005; Bangham et al. 2008; Wilfert and Schmid-
Hempel 2008; Magwire et al. 2012). In the era of genomics, investigating
the genetic architecture of resistance often involves whole-genome associ-
ation studies (Cerqueira et al. 2017), while Mendelian genetics still provide
a powerful functional validation of the revealed statistical associations.

Knowledge of the genetics of resistance also provides the opportunity to in-
vestigate the impact of sexual reproduction on the evolution of resistance.
Indeed, sexual reproduction might be advantageous through the creation of
rare variants (Hamilton et al. 1990; Lively 2010), but it might also reduce
fitness by breaking up advantageous allele combinations.

This thesis aims to bridge the gap between the dynamics of resistance and
the evolution of underlying genetics—in other words—to link selection to
genetics by resolving the genetic architecture of resistance in a host popu-
lation that undergoes strong parasite-mediated selection. The second aim
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of this thesis is to use the developed genetic model of resistance to predict
the impact of recombination on the evolution of resistance.

To achieve this, I use a cyclical parthenogen host, as this mode of repro-
duction will allow to distinguish the impact of selection from the impact of
sexual reproduction on resistance evolution. Indeed, cyclical parthenogens
reproduce clonally throughout their active phase to colonize their environ-
ment and undergo seasonal episodes of sexual reproduction, producing
resting stages that can withstand harsh environmental conditions (Decaes-
tecker et al. 2009). If directional selection acts on a population of cyclical
parthenogens, and if the active season of the population is long enough, se-
lection should increase the mean fitness of the population and decrease its
variance. When recombination occurs through sexual reproduction, diver-
sity increases, and the mean performance of the population decreases. This
is known as genetic slippage in response to sex (Lynch and Deng 1994).
In this thesis [ use the cyclical parthenogen Daphnia magna, a freshwater
cladoceran that has become a model species in the study of host-parasite
coevolution.

D. magna has been observed to be infected by various parasites, show-
ing various coevolutionary patterns (Ebert 2008). Pasteuria ramosa is
a gram-positive, endospore-forming bacteria that infects Daphnia with a
high fitness cost. Interactions with D. magna have been shown to be highly
specific (Luijckx et al. 2011), and a matching-allele model has been shown
to determine infections (Luijckx et al. 2013), which is in compliance with
negative-frequency-dependent selection (Agrawal and Lively 2002).

Specificity in the P ramosa-D. magna system is evaluated at the first step
of infection: the attachment step (Duneau et al. 2011). Daphnia filter-feed
the sediment and the water column, thereby ingesting resting spores of the
bacteria, which get activated, and adhere to the cuticle of the host only in
compatible host genotype-parasite genotype combinations (Ebert et al.
2016). Attached spores then penetrate the body cavity of the host, where
they complete their development cycle and produce millions of copies of
themselves (Duneau et al. 2011). As specificity is a key assumption in host-
parasite coevolution theory, notably in the Red Queen theory for the evo-
lution of sex (Auld et al. 2012; Auld et al. 2016), a clear and reliable assay
of the attachment in the system is essential. However, recent observations
reveal that attachment might be more complex and variable than initially
thought.

In this thesis,  monitor the evolution of resistance in a natural population of
D. magna undergoing strong epidemics of P ramosa and link the observed
phenotypic patterns of resistance dynamics to the underlying genetics of
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resistance in this population.

In the first chapter, I observe a rapid increase of resistance in the host pop-
ulation and use an infection experiment and field measurement to demon-
strate the role of selection by the local parasite. Using a combination of ge-
nome-wide association approach and genetic crosses in the host, I further
resolve the genetic architecture of resistance to the local parasite, thereby
completing the previously established genetic model of resistance in the
system. Variation in the resistance phenotype is mainly determined by
variation at two loci showing different dominance patterns and strongly
linked with epistasis.

In the second chapter, I characterize the evolution of resistance in the study
host population across eight consecutive planktonic seasons. I further de-
scribe the role of sexual reproduction in the observed dynamics by reg-
ularly collecting and hatching the overwintering resting eggs. The rapid
evolution of resistance is consistently observed throughout each season,
but sexual reproduction reduces the mean resistance of the population and
increases its variance, thereby creating genetic slippage. [ further use the
genetic model to predict the resistance phenotypes composition of the sex-
ually produced hatchlings and find that our model only partially explains
the observed resistance phenotype diversity in the hatchling population.

As Chapter 2 revealed a missing piece in the current genetic model of resis-
tance in the D. magna-P. ramosa system, [ investigate additional complexity
in the model using genetic crosses in the host and new parasite isolates. |
find that complex epistatic interactions between several loci—presenting
distinct dominance patterns—shape most of the observed resistance diver-
sity, thereby emphasizing the importance of these interactions in shaping
host-parasite coevolution.

Most of the research I have led in the previous chapters has made use of
the attachment test to characterize resistance phenotypes in the host. The
reliability of this test is thus indispensable for the investigation of the evo-
lution of resistance and its underlying genetic architecture. In an attempt
to get more diversity from the parasite population, I isolated new P ramosa
genotypes from the study population and found new diversity and patterns
of attachment of the bacterial spores on the host cuticle. In this chapter, I
describe these new attachment sites on the host cuticle and discuss their
implication in the specificity of the D. magna-P. ramosa system.
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A two-locus system with strong epistasis
underlies rapid parasite-mediated evolution of
host resistance

AMELINE C, Bourceols Y, VoaTLI F, SavoLA E, ANDRAS J, ENGELSTADTER J, EBERT D. 2021.
A two-locus system with strong epistasis underlies rapid parasite-mediated evolution of
host resistance. Molecular Biology and Evolution 38:1512-1528.

The data underlying this article and analysis scripts are available in the Figshare
Repository https://doi.org/10.6084/m9.figshare.13259828.v2. Raw sequence data from
the GWAS analysis is deposited in the NCBI Bioproject PRINA680821.

Abstract Parasites are a major evolutionary force, driving adaptive responses in host populations. Although the link
between phenotypic response to parasite-mediated natural selection and the underlying genetic architecture often
remains obscure, this link is crucial for understanding the evolution of resistance and predicting associated allele
frequency changes in the population. To close this gap, we monitored the response to selection during epidemics of a
virulent bacterial pathogen, Pasteuria ramosa, in a natural host population of Daphnia magna. Across two epidemics,
we observed a strong increase in the proportion of resistant phenotypes as the epidemics progressed. Field and labo-
ratory experiments confirmed that this increase in resistance was caused by selection from the local parasite. Using a
genome wide association study (GWAS), we built a genetic model in which two genomic regions with dominance and
epistasis control resistance polymorphism in the host. We verified this model by selfing host genotypes with different
resistance phenotypes and scoring their F1 for segregation of resistance and associated genetic markers. Such epista-
tic effects with strong fitness consequences in host-parasite coevolution are believed to be crucial in the Red Queen
model for the evolution of genetic recombination.

Keywords parasite-mediated selection, zooplankton, resistance, genetic architecture, epistasis, dominance, multi-
locus genetics, Daphnia magna, Pasteuria ramosa
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Chapter 1

Darwinian evolution is a process in which the phenotypes that are best
adapted to the current environment produce more offspring for the next
generation. Genetic variants that code for these phenotypes are thus ex-
pected to increase in frequency in the population. Although this concept
is fundamental in evolutionary biology, it remains difficult to connect the
phenotype under selection with the underlying changes in the gene pool of
natural populations (Ellegren and Sheldon 2008; Whitlock and Lotterhos
2015; Hoban et al. 2016). While single gene effects have been shown to
explain the phenotype-genotype interplay in some naturally evolving pop-
ulations (Daborn 2002; Cao et al. 2016; van’'t Hof et al. 2016), the genetic
architecture underlying a phenotype is often complex. In addition, the way
the environment influences the expression of a trait, and genotype x en-
vironment interactions may further obscure the link between phenotype
and genotype. It is, thus, often impossible to predict genetic changes in a
population that result from selection on specific phenotypes. Among the
most potent drivers of evolutionary change in host populations are para-
sites; parasite-mediated selection can raise the frequency of resistant phe-
notypes rapidly (Schmid-Hempel 2011, Morgan and Koskella 2017, Koskel-
la 2018, Kurtz et al. 2016) and is thought to contribute to many biological
phenomena, such as biodiversity (Laine 2009), speciation (Schlesinger et
al. 2014) and the maintenance of sexual recombination in the host (Lively
2010; Gibson et al. 2018).

To link patterns produced by parasite-mediated selection with evolution-
ary theory, we need to know the genetic architecture that underlies resis-
tance; this includes the number of loci, their relative contribution to the
phenotype, and the interaction between loci (epistasis) and alleles (domi-
nance). In this way, we may be able to predict the outcome of selection, test
theoretical models, and understand epidemiological dynamics (Hamilton
1980; Galvani 2003; Schmid-Hempel 2011). In a few cases, resistance to
parasites has been found to be determined by single loci with strong ef-
fects, e.g. in plants (Gémez-Gomez et al. 1999; Li and Cowling 2003; Li et al.
2017), invertebrates (Juneja et al. 2015; Xiao et al. 2017), and vertebrates
(Samson et al. 1996). However, the genetic architecture is often obscured
by intrinsic complexity and confounding factors that may influence the phe-
notype. Resistance might be determined by multiple loci with qualitative or
quantitative effects, present distinct dominance patterns, and display inter-
actions with other genes or the environment. Indeed, multi-locus genetic
architecture of resistance can create more diversity, and is thus thought to
be more common than single loci (Sasaki 2000; Tellier and Brown 2007;
Wilfert and Schmid-Hempel 2008). Multi-locus architecture was described
in Drosophila melanogaster, for example, where resistance was found to be
determined mostly by a few large-effect loci (Bangham et al. 2008; Mag-
wire et al. 2012) and some additional small-effect loci (Cogni et al. 2016;
Magalhdes and Sucena 2016). Quantitative resistance has also been found
in crops where it may be used as a pathogen control strategy (Pilet-Nayel
etal. 2017). In the water flea Daphnia magna, resistance has been found to
be quantitative to a microsporidian parasite, but qualitative to a bacterial
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pathogen (Routtu and Ebert 2015). Although resistance tends to be dom-
inant (Hooker and Saxena 1971; Carton et al. 2005), resistant alleles have
been found to be both dominant and recessive in plants (Gomez-Gémez et
al. 1999; Li and Cowling 2003; Li et al. 2017) and invertebrates (Luijckx et
al. 2012; Juneja et al. 2015; Xiao et al. 2017). Epistasis between resistance
loci has also been found in diverse plants and animals (Kover and Caicedo
2001; Wilfert and Schmid-Hempel 2008; Jones et al. 2014; Gonzalez et al.
2015; Metzger et al. 2016), emphasizing its crucial role in the evolution of
resistance. The link between genetic architecture and natural selection for
resistance remains weak, however, mainly limited to the theoretical extrap-
olation of results from laboratory experiments.

Dominance and epistasis describe the non-additive interaction among
alleles of the same or different loci, respectively, making them crucial for
the evolutionary response to selection. Epistasis among resistance genes
could contribute to the maintenance of genetic diversity by reducing fix-
ation rates at individual loci, and is thus thought to be pervasive (Tellier
and Brown 2007). In the Red Queen model for the evolution of sex, thus,
epistasis among resistance loci helps maintain genetic diversity and re-
combination in the host (Hamilton 1980; Hamilton et al. 1990; Howard and
Lively 1998; Salathé et al. 2008; Engelstadter and Bonhoeffer 2009; Kouyos
et al. 2009). Important with regard to the role of epistasis for the evolution
of host—parasite interactions is furthermore, that the interacting loci must
be polymorphic within the same natural populations. However, the impor-
tance of genetic architecture for understanding the evolution of resistance
stands in stark contrast to the limited amount of available data on natural
populations (Alves et al. 2019). In this study, we investigate the evolution
of resistance in a natural population of the planktonic crustacean Daphnia
magna as it experiences epidemics of the virulent bacterial pathogen Pa-
steuria ramosa. We link parasite-mediated selection to its associated allele
frequency change by resolving the underlying genetic architecture of host
resistance.

In recent years, water fleas of the genus Daphnia (Crustacea, Cladocera)
and their microparasites have become one of the best understood systems
for studying the evolution and ecology of host-parasite interactions (Ebert
2005, Vale et al. 2011, Izhar and Ben-Ami 2015, Gonzalez-Tortuero et al.
2016, Strauss et al. 2017, Turko et al. 2018, Shocket et al. 2018, Rogals-
ki and Duffy 2020). Parasite selection in natural Daphnia populations has
been shown to alter the phenotypic distribution of resistance (Little and
Ebert 1999; Decaestecker et al. 2007; Duffy and Sivars-Becker 2007; Dun-
can and Little 2007), and genetic mapping studies identified loci involved
in host resistance (Luijckx et al. 2012; Luijckx et al. 2013; Routtu and Ebert
2015; Metzger et al. 2016; Bento et al. 2017; Bento et al. 2020) and para-
site infectivity (Andras et al. 2020); however, because studies on host re-
sistance largely involved crosses among populations, the results may not
reflect genetic variation within populations. Genetic changes in natural
host populations have been observed but so far it was not possible to link
this change to parasite resistance loci (Mitchell et al. 2004; Duncan and Lit-
tle 2007). Understanding the link between parasite-mediated selection on
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host resistance and the underlying genetic architecture would enable us to
determine and predict the tempo and mode of evolution in natural popula-
tions and to link observed phenotypic changes to frequency changes of al-
leles under selection. This study provides such a phenotype-genotype link.
We quantified the change in frequency of resistance phenotypes over time
in a natural D. magna population and, through experiments, showed that
the locally dominant, virulent parasite genotype of P ramosa played a ma-
jor role in the observed phenotypic changes. A genome-wide association
study (GWAS) and genetic crosses revealed the underlying genetic archi-
tecture of resistance in our study population and provided a genetic model
for inheritance of resistance. This genetic model comprises two resistance
loci presenting distinct dominance patterns and strongly linked with epis-
tasis. These results strongly support the Red Queen model of host-parasite
coevolution and the maintenance of genetic recombination.

Parasite-mediated selection explains phenotypic dynamics
Monitoring

We monitored the Aegelsee Daphnia magna population from fall 2010 to
fall 2015, while the present study focuses on the 2014 and 2015 planktonic
seasons. In this population, D. magna diapauses during winter as resting
eggs, while the active season spans from early April to early October. Each
summer, we observed a Pasteuria ramosa epidemic that typically started
in early May, about a month after Daphnia emerged from diapause, and
lasted throughout the summer (Fig. 1.1A) with peak prevalence of 70%
to 95%. P ramosa infection in the host is characterized by gigantism, a
reddish-brownish opaque coloration, and castration, i.e. an empty brood
pouch. P ramosa is a virulent parasite, stripping the host of 80% to 90%
of its residual reproductive success and killing it after six to ten weeks, at
which point it releases millions of long-lasting spores into the environment
(Ebertetal. 1996, 2016).

Animals sampled from the field were cloned, and their resistance pheno-
types (resistotypes) were scored. Daphnia magna produces asexual clonal
eggs which are used in the laboratory to produce clonal lines, a.k.a. geno-
types. Individuals castrated by the parasite received an antibiotic treatment
to allow clonal reproduction. Resistance to the bacteria is indicated when
parasite spores are unable to attach to the gut wall of the host (Duneau et al.
2011; Luijckx et al. 2011). We thus defined host clone resistotypes accord-
ing to the ability of parasite spores of given isolates to attach to the host
gut wall or not. The host’s overall resistotype is its combined resistotypes
for the four P ramosa isolates in the following order: C1, C19, P15 and P20,
e.g. a clone susceptible to all four isolates will have the SSSS resistotype.
P20 had been isolated from our study population in May 2011; isolates C1,
C19 and P15 had previously been established in the laboratory from other
D. magna European populations. Overall, we found three predominant re-
sistotypes: RRSR, RRSS and SSSS, which together accounted for 95.1+1.0%
of all tested animals over the active season in 2014 (n = 995) and 2015 (n
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= 260). RRRR represented a much smaller proportion of the resistotypes
(4.9£1.0%) (Fig. 1.1B). Excluding the resistotype data for P. ramosa isolate
P15, for which over 95% of the hosts were susceptible, the study popula-
tion was mainly composed of the three resistotypes: RR_R,RR_Sand SS_S.
When one isolate was not considered, we used the placeholder “_" for that
resistotype: e.g. “RR_R resistotype”. A few other resistotypes that were ab-
sent in the 2014 and 2015 samples were observed in other samples. No-
tably, the SR_S resistotype was found in 0.3% of hatched animals from D.
magna resting eggs sampled during the winter 2014 diapause. The SR_R
resistotype has never been found in the field samples but was found in the
selfed offspring of the rare resistotype SR_S. Resistotypes RS___ and SS_R
were not observed in this population.

In 2011, we sampled a subset of infected animals (n = 113) to character-
ize P ramosa diversity among infected hosts throughout the active season
and found that the P20 genotype represented about 50% of the parasite
diversity among infected hosts when the epidemics began. This proportion
decreased to zero during the epidemic, as other P ramosa genotypes took
over (Supplementary Fig. S1.1).

The temporal dynamics revealed an increase in animals resistant to P20
(RRSR and RRRR, in short: RR_R, or __R) soon after the onset of the ep-
idemics, while animals susceptible to P20 (RRSS and SSSS, or _ _S) de-
clined accordingly (Fig. 1.1B) in both study years. Resistance to C1, C19
and P15 did not seem to play a strong role in the selection process during
the epidemics. In the result described next, we tested the hypothesis that
selection by P ramosa isolate P20 is the main driver of natural resistotype
dynamics in our study population during the early planktonic season. As a
reminder, P20 has been isolated from a spring sample of the here-studied
population.

Experimental and field infections

First, we tested the impact of the parasite on the different resistotypes to as-
sociate disease phenotype with resistotype. To do this, we obtained a sam-
ple of the spring cohort of the D. magna population by hatching resting eggs
collected in February 2014. These animals represented, in total, 70 clones

Figure 1.1

Prevalence and resistotype dynamics
observed in the Aegelsee Daphnia
magna population. A: Pasteuria ra-
mosa prevalence across two summer
epidemics. B: Resistotype (resis-
tance phenotype) frequencies across
time (n = 60-100 D. magna clones
from each sampling date in two- to
three-week intervals). Resistotypes =
resistance to P. ramosa C1, C19, P15
and P20, consecutively).
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Figure 1.2

Experimental infections of Daphnia
magna with different resistotypes
(resistance phenotype). Resistotypes
RRSR, RRSS, SSSS (n = 20 clones
for each) and RRRR (n = 10 clones)
were infected with parasite spores
from the early phase of the epidem-
ic. Five repeats were performed for
each clone (total n = 334). Controls
(n = 210) remained uninfected and
are not shown here. A: Proportion
of infected D. magna among the four
resistotypes. B: Number of clutches
produced before parasitic castration
in the infected P20-resistant (_,__R)
and susceptible (___S) animals (n =
115). C: Time before visible infection
in P20-resistant and P20-susceptible
individuals (n = 115).
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of the four most common resistotypes (RRSR, RRSS, SSSS, RRRR), with each
clone replicated five times (n = 350). We exposed these clonal offspring to
a mixture of P ramosa spores that represented the diversity of the parasite
population during the early phase of the epidemic. We then monitored the
hosts for infection (looking for visible signs) and fecundity (counting the
number of produced clutches). Sixteen animals died before we could test
their infection status, resulting in a total sample size of n = 334. Individu-
als with resistotypes RRSS and SSSS (susceptible to P20) were infected far
more frequently than RRSR and RRRR (resistant to P20) individuals (Fig.
1.2A; Null deviance = 461.3 on 333 df, Residual deviance = 358.4 on 329
df, p < 0.001). The analysis also compared P20-susceptible and P20-resis-
tant resistotypes, confirming the high susceptibility of the P20-susceptible
animals (Fig. 1.2A; Null deviance = 461.3 on 333 df, Residual deviance =
360.7 on 331 df, p < 0.001). Infected P20-susceptible individuals produced
on average about one less clutch before parasitic castration (n = 136, 1.83
+ 0.07 clutches) than did infected P20-resistant individuals (n = 19, 2.53 +
0.3 clutches) (Fig. 1.2B; Null deviance = 76.9 on 154 df, Residual deviance =
74.0 on 152 df, p = 0.023). Accordingly, the average time period until visible
infection was shorter in P20-susceptible clones (15.7 £ 0.2 days) than in
P20-resistant clones (19.4 = 1 days) (Fig. 1.2C; Null deviance = 94.4 on 154
df, Residual deviance = 85.1 on 152 df, p = 0.0018). These results clearly
support the hypothesis that early season P. ramosa strains from the field
select on the P20 resistotype.
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In the following year, we looked at the relationship of disease phenotype
and P20 resistotype only in the field by measuring the parasite’s impact on
P20-resistant and P20-susceptible hosts. We collected animals in the field
during the early half of the P ramosa epidemic and raised them individually
in the laboratory, recording their disease symptoms. We then cured infect-
ed animals with antibiotics, allowed them to produce clonal offspring, and
determined their P20 resistotype. Our analysis revealed higher infection
rates (size corrected) for P20-susceptible than for P20-resistant individu-
als in these natural conditions (Fig. 1.3A; Fitted model: glm (Infected (1/0)
~ P20 resistotype + Body_size + Sampling_date, family = quasibinomial(),
n = 331; Null deviance = 415.1 on 330 df, Residual deviance = 209.1 on
327 df, p = 0.025). Field-caught infected P20-susceptible individuals also
produced, on average, fewer offspring before parasitic castration than in-
fected P20-resistant ones (Fig. 1.3B; Fitted model: glm.nb (Fecundity ~ P20
resistotype + Body_size * Sampling_date), n = 224; Null deviance = 127.9
on 223 df, Residual deviance = 92.9 on 219 df, p = 0.014). In both models,
the sampling date also had a significant effect. Parasite prevalence on the
two sampling dates differed strongly (31% on 7 June and 96% on 28 June
2015). We observed on the first sampling date that larger individuals were
more infected and consequently produced less offspring. This size differ-
ence is not visible anymore on the second sampling date, where almost all
individuals were infected. The overall pattern in relation to the P20 resis-
totype remained the same, even though the difference in infection and fe-
cundity between field collected P20 resistotypes was less pronounced than

Figure 1.3

Fitted models of infection phenotypes
in field-collected Daphnia magna
relative to their body size at capture
(x-axis) and their resistance to P20
for two sampling dates in June 2015.
A: P20-susceptible (orange) animals
have a higher likelihood to be infect-
ed than P20-resistant (blue) ones for
any body size. B: Infected P20-sus-
ceptible animals have a lower total
fecundity than P20-resistant ones for
any body size. Differences between
the data are partially due to the dif-
ference in parasite prevalence on the
two sampling dates (31% on 7 June
and 96% on 28 June).
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in the controlled infection experiment (compare Fig. 1.2 and Fig. 1.3). In
summary, the results of the two experiments clearly support the hypothe-
sis that early season P. ramosa from the field select on the P20 resistotype.

Linking resistance phenotypes to genotypes

Excluding the P15 resistotype, which has very low variability because most
animals are P15-susceptible, the study population was composed mainly of
three resistotypes: RR_R, RR_S and SS_S. A supergene for resistance to C1
and C19 has been described in D. magna using QTL mapping (Routtu and
Ebert 2015; Bento et al. 2017), and the genetic architecture of resistance
at this so-called ABC-cluster, or P. ramosa resistance (PR) locus, has been
further resolved using genetic crosses among host genotypes (Metzger et
al. 2016). According to this genetic model, an SS_|  resistotype (suscepti-
ble to C1 and C19) has an “aabbcc” genotype (lower case letters indicate
recessive alleles), while RS_,  individuals (resistant to C1 and susceptible
to C19) are “A---cc” (upper case letters indicate dominant alleles and a dash
“-” indicates alleles that do not influence the phenotype); SR_| | individu-
als are “aaB-cc”, and RR___ individuals are “----C-". In other words, allele A
epistatically nullifies variation at the B locus, and allele C nullifies variation
at the A and B loci (Metzger et al. 2016; Bento et al. 2017). See also Sup-
plementary Fig. S1.2. Considering this genetic model, we assume that the
recessive allele at the A locus is fixed in our study population (“aa” geno-
type) and that the dominant allele at the B locus is very rare, as we never
observed RS_|  individuals and only found SR__ | in very low proportions.
In our study population, the SS__ /RR__ polymorphism can therefore be
best described by the C-locus polymorphism, i.e. genotypes “aabbcc” and
“aabbC-", respectively, with C being the dominant allele for resistance. Giv-
en this, we assume, in the following sections, that variation at the C locus
underlies the resistance polymorphism for C1 and C19.

Genomic regions of resistance to the parasite

We sequenced the genomes of 16, 10 and 11 clones with resistotypes RR_R,
RR_S and SS_S, respectively and conducted a GWAS comparing five pairs
of these resistotypes to identify candidates for resistance to C1, C19 and
P20: (i) SS_,_ vs.RR__, (ii) SS_Svs.RR_S, (iii) _,  Svs. __ R, (iv) RR_S
vs. RR_R and (v) SS_S vs. RR_R. Comparisons (i) and (ii) (variation at C1
and C19 resistotypes) revealed a strong signal on linkage group (LG) 3 (Fig.
1.4A and B). This region encompasses the super gene described earlier by
Routtu and Ebert (2015) and Bento et al. (2017), the so-called ABC-cluster,
or P. ramosa resistance (PR) locus. Comparisons (iii) and (iv) (variation at
P20 resistotype) revealed a strong signal on LG 5 (Fig. 1.4C and D), here-
after called the E-locus region. In the present host-parasite system, the D
locus determines resistance to P15 and is not considered here (Bento et
al. 2020). The E-locus region has not yet been associated with resistance,
and no P. ramosa resistance gene has been described on the same linkage
group in D. magna. Finally, comparison (v) (variation at C1, C19 and P20
resistotypes) indicated a strong signal at both the ABC cluster and the E-lo-
cus region (Fig. 1.4E). The genomic regions associated with resistotypes
in our GWAS were not sharp peaks, but rather table-like blocks of associ-
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Allele frequency
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GWAS analysis comparing the most common resistance phenotypes (resistotypes) in the Aegelsee Daphnia magna pop-
ulation. The resistotype depicts resistance (R) or susceptibility (S) to Pasteuria ramosa isolates C1, C19, P15 and P20. (i)
SS_, vs.RR__;(ii)SS_Svs.RR_S; (i) Svs._.  R;(ivyRR_Svs.RR_R,and (v) SS_S vs. RR_R. Compari-
sons (i) and (ii) (variation at C1 and C19 resistotypes) revealed a strong signal on linkage group (LG) 3 corresponding to
the C locus. Comparisons (iii) and (iv) (variation at P20 resistotype) revealed a strong signal on LG 5 corresponding to the
E locus. Comparison (v) (variation at C1 and C19, and P20 resistotypes) revealed a strong signal on both regions. Left

panel: Manhattan plots of relationships between different resistotype groups (showing only SNPs with P

<0.01).

corrected

The x-axis corresponds to SNP data mapped on the 2.4 D. magna reference genome (Routtu et al. 2014), representing
only SNPs, not physical distance on the genome. Middle panel: Quantile-quantile plots of non-corrected p-values ex-
cluding SNPs from linkage groups 3 and 5, since these scaffolds displayed an excess of strongly associated markers.
Right panel: Comparison of allele frequencies between resistotype groups at the C and the E loci. Significant SNPs on

LG 3 or LG 5 were used (SNPs with p <

lim'

P, 1100, with P,

as defined in the Methods section, Eq. 1.1. For each SNP, the

lim

allele with the minor allele frequency (MAF) within resistotype groups that presented only one allele at the C or the E locus
(all homozygous individuals) was used for comparisons. Hence, the x-axis represents allele frequency of the dominant
allele within resistotype groups (considering total allele number, or chromosome number: 2n). Labels attached to peaks
describe the inferred possible genotypes at the C or the E locus within resistotype groups. In comparisons at the C locus
on LG 3, resistotype groups susceptible to C1 and C19 presented only one allele, i.e. they contained only homozygous
recessive individuals at the C locus (dominant allele frequency of zero). Resistotype groups resistant to C1 and C19 did
contain the dominant allele (frequency between 0.5 and 1), showing that resistance is dominant at the C locus, as the
resistant group contains heterozygous individuals. Similarly, in comparisons at the E locus on LG 5, resistotype groups
resistant to P20 do not present the dominant allele (frequency of zero), while resistotype groups susceptible to P20 do,
i.e. contain heterozygous individuals (dominant allele frequency between 0.5 and 1). This shows that, in contrast with the
C locus, susceptibility is dominant at the E locus. Screening individual genomes revealed that some SS_S individuals
(susceptible to C1 and C19, and P20) presented the “ee” genotype at the E locus (resistance to P20), although suscep-
tibility is dominant at the E locus. This was not observed in RR_S individuals (resistant to C1 and C19 but susceptible to
P20) (Supplementary Table S1.3). This observation can be explained by an epistatic relationship linking the C and the E
loci. This epistasis confers susceptibility to P20 to individuals susceptible to C1 and C19, i.e. presenting the “cc” genotype
regardless of the genotype at the E locus. In contrast, with groups containing SS_S individuals, i.e. comparisons (iii) and
(iv), some SS_S individuals present the “ee” genotype at the E locus. In these groups, the frequency of the dominant

allele can be lower than 0.5.
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ated SNPs (Fig. 1.4). This structure was expected for the C locus, which is a
known supergene—a large block of genome space with apparently little or
no recombination that contains many genes (Bento et al. 2017). Figure 1.4
indicates that the same may be the case for the E-locus region, where the
block of associated SNPs makes up nearly half of the linkage group. A few
single SNPs also showed significant association in all the comparisons (Fig.
1.4), but because of the strength of the observed pattern and because we
expected a large region to be associated with resistance, we do not consider
these single SNPs further.

The E-locus region encompassed 22 scaffolds and one contig on version 2.4
of the D. magna reference genome, with a cumulative length of more than
3 Mb (3101076 bp) (Supplementary Table S1.1). We found 485 genes on
all associated scaffolds. The strongest signals of association were found on
scaffolds 2167 and 2560, which harboured 82 genes. Some of these genes
were similar to genes identified in a previous study of the ABC cluster on
LG 3 (Bento et al. 2017), with a glucosyltransferase found on scaffold 2167.
Three other sugar transferases (galactosyltransferases) were identified,
two of them on scaffold 2560 (Supplementary Table S1.2).

Genetic model of resistance inheritance

Mean allele frequencies at associated SNPs showed that SS_|_ individuals
(susceptible to C1 and C19) display a single allele at the Clocus, while RR_
individuals display two distinct alleles at the C locus. This suggests that
SS_,  individuals are homozygous at the C locus, while RR___| individuals
comprise homo- and heterozygotes. At the Elocus, _ Rindividuals (resis-
tant to P20) are presumably homozygous, while | S individuals (suscep-
tible to P20) comprise homo- and heterozygous individuals (Fig. 1.4, right
panel). These results indicate that resistance to C1 and C19 is governed by
a dominant allele (“C-” genotype), as shown before (Metzger etal. 2016). In
contrast, resistance to P20 is determined by a recessive allele (“ee” geno-
type), as was shown before for a different resistance locus (D locus, (Bento
et al. 2020). Screening individual genomes revealed that some SS_S indi-
viduals (susceptible to C1 and C19, and P20) present the “ee” genotype at
the E locus (underlying P20 resistotype), although this genotype should
confer resistance to P20. This was not observed in RR_S individuals (re-
sistant to C1 and C19, but susceptible to P20) (Supplementary Table S1.3),
which we hypothesize to be explained by an epistatic relationship linking
the C and the E loci. This epistasis confers P20 susceptibility to individuals
susceptible to C1 and C19, i.e. presenting the “cc” genotype, regardless of
their genotype at the E locus. This genetic model is presented in Figure 1.5
(without variation at the B locus, see below). In the present study, we most-
ly considered variation at the C and E loci, as they seem to play a major role
in the diversity of resistotypes in our study population.

To test the genetic model derived from the GWAS, we investigated segre-
gation of resistotypes among selfed offspring of D. magna genotypes with
diverse resistotypes. Daphnia magna reproduces by cyclical parthenogen-
esis, in which asexual eggs produce clonal lines and sexual reproduction
allows to perform genetic crosses. Our genetic model allowed us to predict
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A _ o Figure 1.5
Dominance pattern Pasteuria isolate Model for the genetic architecture of resistance to C1, C19 and P20 Pasteuria
R dominant S dominant C1 C19 P20 ramosa isolates in the Aegelsee Daphnia magna population as inferred from
the GWAS analysis (Fig. 1.4) and the genetic crosses (Tables 1.1 and 1.2). A:
E E S R S Schematic representation of the genetic model. Resistance to C1 and C19 is
S R R determined by the ABC cluster as described in Metzger et al. (2016), and the
model is extended to include the newly discovered E locus. The dominant allele
at the B locus induces resistance (R) to C19 and susceptibility (S) to C1. The
E R R S dominant allele at the C locus confers resistance to both C1 and C19, regard-
less of the genotype at the B locus (epistasis). The newly discovered E locus
R R R contributes to determining resistance to P20. Resistance is dominant at the C
locus (resistance to C1 and C19) but recessive at the E locus (resistance to
T Vv P20). Homozygosity for the recessive allele at the B and C loci induces suscep-
Eﬂ H S S S tibility to P20, regardless of the genotype at the E locus (epistasis). Hence epis-
tasis can only be observed phenotypically in the “bbccee” genotype, which has
- - + induces R the resistotype SS_S. Without epistasis, the “bbccee” genotype is expected to
epistasis . = ) )
+ induces S have the phenotype SS_R, a phenotype we never observed in the population
or in our genetic crosses. B: Multi-locus genotypes and resistotypes at the B,
C and E loci. Resistotypes are grouped by background color. As the C allele
B CC Cc bbC C BbC C epistatically nullifies the effect of the B locus, only combinations of the B and
E loci are shown where the C locus is homozygous for the ¢ allele. This model
CCEE CcEE bbccEE BbccEE does not consider variation at the A locus, as the recessive allele at this locus is
EE believed to be fixed in the Aegelsee D. magna population.
RR_S RR_S SS_S SR_S
CCEe CcEe bbccEe BbccEe
Ee
RR_S RR_S SS_S SR_S
CCee Ccee bbccee Bbccee
ee
RR_R RR_R SS_S SR_R

the segregation of genotypes and phenotypes, which can then be compared
to the observed segregation patterns among selfed offspring. From 24 host
genotypes (FO parent clones), we produced 24 groups of selfed F1 offspring.
Twenty-two FO clones included animals with all possible combinations of
alleles at the C and E loci, while two FOs showed the rare variation at the B
locus and variation at the E locus. Expected and observed resistotype fre-
quencies are presented in Tables 1.1 and 1.2 and detailed for each F1 group
in Supplementary Tables S1.4 to S1.15. In the 22 F1 groups showing varia-
tion at the C and E loci, segregation of offspring followed the predictions of
our genetic model (Fig. 1.5), i.e. we observed all expected resistotypes and
saw no significant deviations from the expected frequencies based on the
model. These data clearly support the genetic model for resistance at the C
and E loci.

As described above, earlier research (Metzger et al. 2016; Bento etal. 2017)
has shown that the dominant allele at the C locus interacts epistatically
with the A and B loci (all are part of the ABC cluster), such that variation at
the A and B loci becomes neutral when a C allele is present. We assume that
the a allele is fixed in the Aegelsee D. magna population, so that only vari-
ation at the B locus influences the C1 and C19 resistotypes in individuals
with the “cc” genotype (see above). As variation at the B locus is very rare
in our D. magna study population and could not be included in the GWAS

1<)
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Table 1.1
Genetic crosses of resistance phenotypes (resistotypes) from the Aegelsee Daphnia magna population, where only the C and the E loci are considered.
A RR S
= CE Ce cE ce
CcEe
CE RR_S RR_S RR_S RR_S
Ce RR_S RR_R RR_S RR_R
cE RR_S RR_S SSIIS SSIS
ce RR_S RR_R SS_S SS_S
B F0 parent Selfed F1 offspring
3 3 Proportion »
- 1] [=3 - [ o n »
2 % g g % g Observed 2 =
ﬁ S ‘@ "E S 7 Expected Repeat (F1 groups from different parent clones) =
© 3 e -2 a b c d ©°
n=43 n=37
CCEE RR_S CCEE RR_S 1 1 1 NA
n=289 n=31 n=79 - —
CCEe RR_S CCE- RR_S 0,75 0,79 0,74 0,84 X 0'_85’ oF=1,
CCee RR_R 0.25 0,21 0,26 0,16 p=0.36
n=239 n=42 n=70 n=79
CCee RR_R CCee RR_R 1 1 1 1 1 NA
n=19 Fisher test on counts
CcEE RR_S C-EE RR_S 0,75 0,74 =1
CCEE SS_s 0,25 0,26 p=
n=48 n=34 n=64 n=65
CcEe RR_S C-E- RR_S 0,56 047 0,56 0,65 051  M=461 df2,
cc-- SSES 0,25 0,30 0,06 0,13 0,21 p=0.10
C-ee RR_R 0,19 0,23 0,38 0,22 0,28
n=36 n=49 n=22 -
Ccee RR_R C-ee RR_R 0,75 0,75 0,80 0,62 )’f 0'0_062’
ccee SS_S 0.25 0,25 0,20 0,38 df=1, p=0.94
n=287
ccEE S5NS ccEE SS8S 1 1 NA
n=284 n=65
ccEe SS_S ccE- SS_S 1 1 1 NA
n=74 n=235
ccee SS_S ccee SS_S 1 1 1 NA

A: Punnett square for all possible gamete combinations according to our genetic model of resistance inheritance. The table shows the resistotypes (grouped by
background colour) from the 16 combinations of gametes from a double heterozygote for the C and the E loci. The bottom right cell (red font, bold) represents
offspring individuals where the epistatic interaction between the C and the E loci is revealed (Fig. 1.5). B: Results from selfing of D. magna clones. Resistotypes of
FO mothers and F1 offspring groups were obtained using the attachment test, and resistance genotypes of FO parents at the C and E loci were inferred from their
resistotypes and the segregation patterns of resistotypes in their F1 offspring. Expected resistotype proportions within F1 groups were calculated using the genetic
model presented in the Punnett square and the R package “peas” (Fig. 1.5; Supplementary Document S1.1. Detailed results and statistical analyses for each cross
are presented in Supplementary Tables S1.4 to S1.12 and Table S1.15. Segregation of offspring is presented as proportions, although statistical tests were run
on counts. One to four crosses using distinct mother clonal lines (repeats a to d) were conducted for each FO mother resistance genotype at the C and E loci. No
variation at the B locus was observed (all FO mothers are inferred to have the “bb” genotype according to F1 resistotype segregation).
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analysis, we selfed two D. magna genotypes that presented the very rare
SR_Sresistotype, whose underlying genotype at the ABC cluster we expect
to be “B-cc” (probably “Bbcc”, considering the B allele is rare in the popu-
lation). In the F1 offspring of the two FO parents with the SR_S resistotype
and the “Bbcc--" genotype, we observed SR_R individuals. We speculate
that SR_R animals have the genotype “B-ccee”, indicating that the epistatic
relationship previously described between the C and the E loci (“cc” acts
epistatically on the E locus) should also include the B locus. If this is the
case, “bbcc” acts epistatically on the E locus (Fig. 1.5). The two groups of
selfed F1 offspring involving “Bb” heterozygotes showed a good fit between
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Table 1.2

Genetic crosses of resistance phenotypes (resistotypes) from the Aegelsee Daphnia magna population considering the
genotype “cc’.

B and the E loci, with the C locus fixed for

bcE

-
Bce

bce

SS_S
bce SR_R SS_S SS_S
B FO parent Selfed F1 offspring
® ® Proportion B
E E,’ ;% "E % ;% Expected Observed % g
o o
n=37
BoccEE | SRS || B-ccEE | SRS 0,75 0,74
bbccEE Ss_S 025 023 p=1
B-ccee SR_R 0,00 0,03
n=38
BoccEe || SRLS | B-ccE- | SR.S | 0,56 0,56
bbccE- SS_S 0,25 0,33 p=0.58
B-ccee SR_R 0,19 0,11

A: Punnett square for all possible gamete combinations according to our genetic model of resistance inheritance. The table shows the resistotypes (grouped

by background colour) resulting from the 16 combinations of gametes from a double heterozygote for the B and the E

loci. The bottom right cell (red font, bold)

represents offspring individuals where the epistatic interaction between the B, the C, and the E loci is revealed (Fig. 1.5). B: Results from selfing of D. magna

clones. Resistotypes of FO parents and F1 offspring were obtained using the attachment test, and resistance genotypes

of FO parents at the B, C and E loci were

inferred from their resistotypes and the segregation patterns of resistotypes in their F1 offspring. Expected resistotype proportions of F1 were calculated following

the genetic model outlined in the Punnett square and using the R package “peas” (Fig. 1.5; Supplementary Document

S1.2). The detailed results and statistical

analyses for each cross are presented in Supplementary Tables S1.13 to S1.15. Segregation of offspring is presented as proportions, although the statistical tests

were run on counts.

this expectation in the expanded model and the observed phenotypic seg-
regation. We observed one SR_R offspring produced from a SR_S parent
with the inferred “aaB-ccEE” genotype, which is not expected in our model
(Table 1.2B, lower panel), but typing mistakes cannot be fully ruled out.

Linking the genomic regions and the genetic model of resistance

To test whether the segregation of the genomic regions we discovered in
the GWAS and the segregation of resistotypes in our crosses agreed with
each other, we designed size-polymorphic markers in the genomic regions
of the C and the E loci (two for each locus). We tested whether these mark-
ers co-segregated with the resistotypes as predicted by our genetic model.
Of the four markers, DMPR1 (C locus) and DMPR3 (E locus) showed better
linkage with their respective resistance loci (99.6% and 94.8% match, re-
spectively) compared to DMPR2 (Clocus) and DMPR4 (E locus) (91.4% and
69.4% match, respectively) (Supplementary Tables S1.16 to S1.18). These
numbers reflect that our markers are close to the actual resistance loci, but
that recombination between them is possible, leading to non-perfect asso-
ciation. We further based our scoring of resistance genotypes on the more
predictive marker genotypes of DMPR1 and DMPR3. In 20 of 22 F1 groups
representing all possible combinations of alleles at the C and E loci (Ta-
ble 1.1), the segregation of marker genotypes in the F1 offspring followed
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our genetic model predictions, i.e. all expected genotypes were observed,
with no statistically significant deviations from the expected frequencies.
In two F1 groups from “CCEe” and “CcEe” FO parents, the E-locus mark-
ers appeared not to be linked to the E locus (Supplementary Tables S1.5
and S1.8). Based on the genotype markers results we had assigned the “EE”
genotype to the FO parent and F1 offspring, but phenotypic segregation in
the F1 offspring indicated the parent would have the “Ee” genotype. We
speculate that recombination had uncoupled the genetic marker and the
resistance loci in these two parent genotypes. Together, these results show
that the genomic regions found in the GWAS are indeed associated with the
segregation of resistotype in the F1 selfed offspring, supporting our genetic
model for the segregation of resistance (Fig. 1.5).

This present study aims to assess how annual epidemics by a parasitic
bacterium, Pasteuria ramosa, influence resistance and the frequencies of
the underlying genes in a natural host population of the crustacean Daph-
nia magna. Over the course of epidemics in two consecutive years, we ob-
served drastic changes in resistance phenotype (resistotype). Using exper-
imental infections and fitness measurements on wild-caught individuals,
we showed that these changes in resistotype frequency were caused by a
local parasite type common during the early phases of the epidemics. A ge-
nome-wide association study (GWAS) and laboratory crosses enabled us to
locate the resistance genes that responded to this selection and to uncover
their mode of inheritance. We pinpointed the genetic architecture of resis-
tance to two genomic regions with dominance and epistasis, thus bridging
the gap between natural selection on phenotypes and the underlying ge-
netics.

Parasite-mediated selection

Over the two consecutive years of this study, resistotype frequencies in
the host population changed drastically during the parasite epidemics, but
remained stable outside of the epidemics (Fig. 1.1)—a pattern consistent
with the host population being under strong selection for resistance to P
ramosa. The P20 P. ramosa isolate, collected during the early epidemic,
turned out to be representative of the parasite population during the ear-
ly part of the two epidemics studied here: Host genotypes characterized
by their susceptibility to P ramosa P20 drastically decreased in proportion
during the epidemics and were much more susceptible to the local para-
site than P20-resistant individuals in experimental infections (Fig. 1.2A).
Infected P20-susceptible genotypes also became infected earlier and pro-
duced fewer offspring than P20-resistant individuals (Fig. 1.2B and C), re-
vealing a stronger fitness impact of infection by the local parasite. Field
data confirmed this result, as wild-caught P20-susceptible individuals
were infected more frequently and produced fewer offspring than infected
P20-resistant individuals (Fig. 1.3), again showing the higher virulence of
the parasite in these P20-susceptible individuals. This effect of the parasite
seemed less strong in field collected animals than for those infected in the
laboratory. Multiple factors may contribute to this, including differences
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among field and laboratory, and differences in the host and parasite pop-
ulations from the two study years (2014 and 2015). Our findings reveal
nevertheless a strong and rapid response to parasite-mediated selection on
host resistotypes, that are characterized by their interaction with the P20 P
ramosa isolate, in the natural Aegelsee D. magna population.

In field samples, smaller individuals were found to be less infected than
larger ones. This is not surprising, as older—hence bigger—animals have
longer exposure to the parasite than younger animals. For a chronic dis-
ease like P ramosa infections, it is expected that, with increasing size and
age, prevalence will increase. These results are thus not in conflict with re-
ports showing that younger—hence smaller—Daphnia were more suscep-
tible to parasitic infections (Garbutt et al. 2014; Izhar and Ben-Ami 2015,
2019). Differences in age-related susceptibility might, however, influence
the shape of the body size-prevalence relationship observed in the field.

Although the parasite P20 was isolated during the early phase of the yearly
epidemics, previous research also shows other parasite genotypes in the
Aegelsee population (Andras and Ebert 2013) that, as we observed in an
earlier year, become more common in infected hosts later in the epidem-
ics (Supplementary Fig. S1.1). We speculate that these later-season iso-
lates may represent different parasite infectotypes (infection phenotypes).
Consistent with this, we observed that animals resistant to P20 did, in fact,
become infected, both in the field and in the laboratory (Figs. 1.1, 1.2 and
1.3), which cannot be explained with P20-infectotype parasites alone. The
present study focuses on natural selection during the early part of the ep-
idemics, which, as our data and data from other years shows, has a fairly
consistent selection pattern (Chapter 2), being mainly defined by a dras-
tic increase in P20-resistant individuals from around 50% to almost 100%
within a period of two to three months (Fig. 1.1).

The composition of the resistotypes at the beginning of the two seasons
(2014 and 2015) in which we monitored this system was strikingly sim-
ilar, which is surprising given that selection increased resistance over the
course of the summer 2014. While answering this question is not part of
the current study, there are a few tentative explanations for this observa-
tion. First, part of the yearly resting eggs yield, which form the basis of the
new population in the following spring, are produced as early as mid-June
before selection has diminished some of the resistotypes. Second, epista-
sis and dominance can protect alleles from natural selection, thus slowing
down the response to selection (Feldman et al. 1975; Otto 2009). Our study,
as well as earlier studies on this system (Luijckx et al. 2012; Luijckx et al.
2013; Metzger et al. 2016), all indicate strong epistasis and dominance for
resistance loci. Further studies are needed to understand how much rest-
ing egg production and the genetic architecture of resistance explain the
slow response to selection observed across seasons in the Aegelsee D. ma-
gna population.
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Genetic architecture of resistance

To understand the genetic architecture of resistance loci under selection in
our study population, we combined a GWAS using D. magna genotypes with
different resistotypes together with a series of genetic crosses. We found
that the most diversity in host resistance to the bacteria is determined by
variation at the C locus, situated in a previously described supergene, the
PR locus containing the ABC cluster (Bento et al. 2017), and at a newly dis-
covered locus on a different chromosome, the E locus (Fig. 1.4). Taken alone
and in the right genetic background, i.e. when there is no epistatic relation-
ship, each of these two loci show Mendelian segregation with resistance be-
ing dominant (C locus) or recessive (E locus) (Fig. 1.4, right panel). The two
loci interact epistatically with each other, resulting in a complex pattern
of inheritance (Fig. 1.5). Balancing selection is hypothesized to maintain
diversity at resistance genes (Llaurens et al. 2017; Wittmann et al. 2017;
Connallon and Chenoweth 2019), and these genes are often found to have
different dominance patterns and epistatic interactions (Saavedra-Rodri-
guez et al. 2008; Gonzalez et al. 2015; Conlon et al. 2018).

The E locus is situated on linkage group (LG) 5 (genome version 2.4: Routtu
etal. 2014) and appears as a large region of 3.1 Mb (Fig. 1.4). In this regard,
the E locus is similar to the ABC cluster, a well-characterized, non-recom-
bining and extremely divergent region on LG 3 (Bento et al. 2017). Non-re-
combining genomic structures, i.e. supergenes, are suggested to facilitate
adaptation via association of advantageous alleles in host-parasite coevo-
lution (Joron et al. 2011; Llaurens et al. 2017). Such large, diverse genomic
regions are difficult to study because the absence of recombination ham-
pers fine mapping (Bento et al. 2017). Therefore, we do not know where
the actual resistance loci lie within the ABC- and E-loci regions. This may
also explain why our genetic markers are not perfectly linked to the resis-
tance loci (Supplementary Tables S1.17 and S1.18). Supergenes may also
harbor several resistance loci, thus variation at the C or the E locus could
actually represent variation at several loci physically very close to each oth-
er. Within the E-locus region, we find four sugar transferases. Glycosylation
genes are candidates to explain variation of resistance in this system (Ben-
to etal. 2017; Bourgeois et al. 2017).

In the D. magna-P. ramosa system, the ABC cluster has been shown to play
amajor role in host resistance and the evolutionary dynamics of resistance
(Routtu and Ebert 2015; Bento et al. 2017; Bourgeois et al. 2017). Our re-
sults confirm the role of this cluster in a natural population and describe a
new resistance region in the D. magna genome that is polymorphic in the
Aegelsee population. Multi-locus polymorphisms have been shown to un-
derlie parasite resistance in hostparasite coevolution (Sasaki 2000; Tellier
and Brown 2007; Cerqueira et al. 2017). In the Aegelsee D. magna popu-
lation, there seems to be no variation at the A locus and little variation at
the B locus. The observed variation at the B and C loci is consistent with
the genetic model of resistance at the ABC cluster described in Metzger
et al. (2016). Also, resistance to P. ramosa isolate P15 (influenced by the D
locus, (Bento et al. 2020) remains fairly consistent, with the vast majority
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of animals being susceptible to P15 (Fig. 1.1). Resistance to P ramosa P21,
also isolated from our study population, varies only towards the end of the
summer epidemic (Chapter 2). In summary, the ability to resist P20 plays
amajor role in the early epidemics and most resistotype diversity we mea-
sured in the Aegelsee D. magna population is well explained by genotypic
variation at these loci. As we use more parasite isolates in further research,
we might find other resistance regions in the D. magna genome. This is like-
ly to be of importance in the later phase of the epidemics in the Aegelsee
population.

Resistance segregation in D. magna is currently best explained by a genetic
model where each locus contains just two alleles. This model was compiled
by studies that used either mapping panels created from a few D. magna
genotypes or, as here, host genotypes from one focal population. Additional
resistance alleles may be revealed instead of new resistance regions if we
test the genetic model on a larger panel of host and parasite genotypes.

We created 22 F1 offspring groups from the three common resistotypes in
our study population. Segregation of resistance phenotypes and genotypes
among the selfed F1 strongly supported the genetic model of resistance,
consisting of the C and E loci, each with two alleles, and their epistatic inter-
action, produced by the GWAS (Tables 1.1 and 1.2; Supplementary Tables
S1.4 to S1.15). Two F1 offspring groups showed rare variation at the B lo-
cus, suggesting yet an additional epistatic interaction in this model besides
the previously described role of the B locus for the P ramosa C1 and C19 re-
sistotypes. This consisted of the “bbcc” genotype that causes susceptibility
to P20, irrespective of the genotype at the E locus (Fig. 1.5). However, this
modified model needs to be further investigated and verified with more
genetic crosses.

In this study, we demonstrate rapid parasite-mediated selection in a nat-
ural plankton population. We find the genomic regions associated with
resistance under selection and describe their mode of inheritance. This
knowledge will allow us to conduct direct measurements of resistance al-
lele frequency changes over time and to test theories on the dynamics of
host and parasite coevolution, for example by tracing genetic changes in
the resting stages of Daphnia magna derived from the layered sediments in
ponds and lakes (Decaestecker et al. 2007). Pinpointing resistance loci can
also be used to infer mechanisms of selection in the host with the molecular
evolution tool box (Charlesworth 2006; Fijarczyk and Babik 2015; Hahn
2018). Our model of resistance consists of a few loci linked with epistasis
and different dominance patterns, characteristics that have been shown to
be relevant in coevolution, in particular when balancing selection main-
tains diversity at resistance genes (Tellier and Brown 2007; Engelstadter
2015; Conlon et al. 2018). The genomic regions we pinpoint can now be
further studied, e.g. by testing for genomic signatures for balancing selec-
tion (Charlesworth 2006; Ebert and Fields 2020). Hence, a precise knowl-
edge of the genetic architecture of resistance opens the door to addressing
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wider evolutionary questions. For example, the Red Queen theory states
that host—parasite interactions may explain the ubiquity of sex and recom-
bination (Salathé et al. 2008).

Study site

Our study site is the Aegelsee, a pond near Frauenfeld, Switzerland (code:
CH-H for Hohliberg; coordinates: 47.557769 N, 8.862783 E, about 30000
m? surface area) where D. magna is estimated to have a census population
size over ten million individuals and an overwintering resting egg bank of
about the same size. Every year from early October, the pond is used as
a waste repository by a sugar factory: they progressively lower the water
level from May to September and from October, warm ammoniacal conden-
sation water is released into the pond, warming the water temporarily to
40-60 °C (Seefeldt and Ebert 2019) and killing all zooplankton, but not the
resting eggs. In winter the pond usually freezes over, and in April, Daphnia
and other invertebrates hatch from resting eggs. We sampled the pond in
February 2014 and March 2015 and did not find D. magna, suggesting little
or no overwintering. Besides D. magna, the plankton community includes
D. pulex, D. curvirostis and a diverse array of other invertebrates, among
them copepods, ostracods, rotifers and corixids. The waste water treatment
prevents fish from invading the pond. The D. magna population experienc-
es strong yearly epidemics of P ramosa, reaching prevalence of 70-95%.
Infections by other parasites were only rarely observed. The other Daphnia
species in the pond were never observed to be infected by P. ramosa.

Temporal monitoring

In 2014 and 2015, we sampled the host population every two to three
weeks from early April to early October to study the impact of the pathogen
epidemics. For each sampling date, we aimed to obtain about 100 cloned
hostlines (produced as iso-female lines). To achieve this, we randomly took
about 200-300 female D. magna from the sample, placed them in 80-mL
jars filled with ADaM (Artificial Daphnia Medium, Kliittgen et al. 1994, as
modified by Ebert 1998) and let them reproduce asexually. Oversampling
was necessary during the hot summer months, as many animals would
die for unknown reasons within 48 hours under laboratory conditions.
This mortality was, to the best of our knowledge, not disease related. Over
the following three weeks, we screened animals for P ramosa infections
by checking for the typical signs of disease: gigantism, reddish-brownish
opaque body coloration and empty brood pouch. Infected animals that had
not yet reproduced asexually were treated with tetracycline (50 mg.L?) (an
antibiotic which kills Gram-positive bacteria) until an asexual clutch was
observed, usually after about two weeks. They were fed 25 million cells of
the unicellular green algae Scenedesmus sp. three times a week, and the me-
dium was renewed every two weeks. Feeding and fresh medium protocols
were adapted according to the size and number of animals in a jar when
necessary.
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Resistotype assessment: the attachment test

We assessed resistance phenotype (resistotype) for all cloned hosts using
four P ramosa isolates (C1, C19, P15 and P20). We isolated the parasite,
P20, from our study population at the start of the epidemic on 13 May 2011
and subsequently passaged it three times through a susceptible D. magna
host clone from the same population. The three other P ramosa clones or
isolates had been previously established in the laboratory: C1 (clone), orig-
inated from a D. magna population in Russia (Moscow), C19 (clone) from
Germany (Gaarzerfeld) and P15 (isolate) from Belgium (Heverlee) (Luijckx
et al. 2011; Bento et al. 2020). We used these three P. ramosa allopatric
isolates in the present study to implement our working genetic model for
resistance (Luijckx etal. 2012; Luijckx etal. 2013; Metzger etal. 2016). Par-
asite transmission stage (= spore) production in the laboratory followed
the protocol by Luijckx et al. (2011).

The resistotypes of D. magna clones were assessed using a spore attach-
ment test (Duneau et al. 2011). Bacterial spores attach to the foregut or the
hindgut of susceptible host clones. Attachment is a prerequisite for subse-
quent infection. We call these genotypes susceptible, otherwise they are
considered resistant. A genotype allowing attachment and penetration of
the parasite into the host, may sometimes still resist infection, based on
subsequent immune defence (Hall et al. 2019). To test for attachment, we
exposed each individual Daphnia to 8000 (C1, C19) or 10000 (P15, P20)
fluorescently labelled spores following the protocol of Duneau etal. (2011).
We used higher spore doses for P15 and P20 because previous observa-
tions had shown that fewer of these isolate spores attach to the host oe-
sophagus, resulting in a weaker fluorescent signal. Three repeats were
used for C1, C19 and P15, whereas six to nine repeats were used for P20. A
clone was considered susceptible to the bacterial isolate when more than
half of its replicates showed clear attachment. Its overall resistotype is the
combination of its resistotypes to the four individual P ramosa isolates in
the following order: C1, C19, P15 and P20, e.g. a clone susceptible to all
four isolates would have resistotype SSSS. Since resistance to P15 had low
variability in our study population, this isolate was only considered in the
first experiment presented here and was otherwise represented with the

placeholder “_" e.g. “RR_R resistotype”.

—

Experimental infections of resistotypes

As an initial assessment of the parasite’s fitness impact on the host popula-
tion, we conducted experimental infections on a representative sample of
the spring 2014 host population. We collected surface sediment from five
different points in the pond in February 2014, before onset of the natural
hatching season and placed one hundred D. magna ephippia from each rep-
licate in 80-L containers with 30 L. ADaM. The five containers were placed
outdoors under direct sunlight and checked for hatchlings every two days.
We recorded hatching dates and cloned hatchlings in the laboratory where
we then scored their resistotypes. For the infection experiment, we used
parasites collected from the ongoing epidemic in the pond. We collected
three pools of 20 randomly chosen infected individuals during the first
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phase of the epidemicin early June 2014. These field-infected animals were
kept in the laboratory under ad libitum feeding conditions. Shortly before
their expected death, we pooled all 60 animals, homogenized them to pro-
duce a spore suspension and froze it at -20 °C. A placebo suspension was
produced from 60 homogenized uninfected D. magna. The parasite spore
mixture was not passaged before we used it, so, in contrast to the isolates
used for the attachment test, it represents a population sample of the par-
asite.

Among the four predominant resistotypes we observed in the cloned co-
hort of spring hatchlings (SSSS, RRSS, RRSR and RRRR), we used 20 clones
each from the more common resistotypes SSSS, RRSS and RRSR and ten of
the less common resistotype RRRR for an infection experiment, due to lim-
ited availability. From each of these 70 clones, we produced five replicate
lines, and these 350 lines were maintained individually in 80-mL jars. To
reduce maternal effects before the experiment, we kept all lines for three
generations in the same experimental conditions: 20 °C, 16:8 light:dark cy-
cle, ADaM medium and daily ad libitum feeding of 8 million Scenedesmus
sp. cells per jar. The three generations were produced as follows: as soon
as a female produced a clutch, she was discarded and the offspring were
kept. When these offspring were mature, a single female was kept in the jar
until she in turn produced a clutch. The medium was changed every four
days or when the females released offspring. We exposed two- to three-day
old juveniles from all replicates to the parasite spore suspension by placing
individual D. magna in 10 mL of medium with 10000 spores. Additionally,
three controls from the third-generation offspring were randomly taken
from among the five replicates for each clone (n = 210) and were exposed
to the equivalent volume of placebo suspension. Three days after exposure,
the jars were filled to 80 mL. Medium was changed after ten days, and then
every four days until the end of the experiment. Jars were monitored dai-
ly for 35 days. We recorded infection occurrence, clutch number, and time
when visible signs of infection were observed. Controls did not get infected
and produced offspring at regular intervals.

We tested both the effect of the full resistotype and of the P20 resistotype
only on the three dependent variables: infection (binary: 1/0), clutch num-
ber (integer) and time of infection (continuous). Replicates were nested
within clones, which were nested within resistotypes. We fitted general lin-
ear models using binomial data family type for infection and quasi-Poisson
for clutch number and time to infection. For clutch size and time to infec-
tion, only data on infected individuals was used.

Infection phenotypes of field-collected hosts

As a second assessment of the impact of the local parasite on the host pop-
ulation, we measured fitness traits of animals caught during the epidem-
ics. Because the infection experiment described above (carried out in the
previous year) indicated that P20 played a strong role, we focused on this
parasite isolate. On June 7 and 28, 2015, we collected large D. magna sam-
ples from our study site and measured body length, from the top of the
head through the eye to the base of the tail spine. We kept all females (n =
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331) individually under ad libitum feeding conditions, each in about 80 mL
medium. We recorded clutches (time and size) and the onset time of dis-
ease symptoms over the following three weeks. After parasitic castration
was evident, we cured animals with tetracycline. These data have also been
reported in a paper describing the disease phenotype under natural condi-
tions (Savola and Ebert 2019). The current dataset is however smaller than
the published data, as we report here only those animals for which we were
able to score the resistotypes.

Using generalized linear models, we tested the effect of the P20 resisto-
type on infection and fecundity, taking body size into account. Sampling
date was included as a fixed effect since there are only two sampling dates.
Interaction terms were excluded from the model when not significant (p >
0.1). We fitted a general linear model using quasibinomial data family type
for infection, and a negative binomial generalized linear model for total fe-
cundity (R packages used: MASS: Venables and Ripley 2002, Ime4: Bates et
al. 2015).

Genome-wide association study

Because our experiments revealed that resistance to P20 plays a major role
in the disease dynamics in both laboratory experiments and the field, we
used a genome-wide association approach to investigate the genetic archi-
tecture of resistance with 37 clones that presented the three most com-
mon resistotypes in our study population, excluding P15 resistotype (n =
16 RR_R, 10 RR_S and 11 SS_S). All 37 clones were derived directly from
our study population (Supplementary Table S1.3).

Whole-genome DNA extraction, sequencing and bioinformatics

To remove microbial DNA, individuals were treated for 72 h with three anti-
biotics (streptomycin, tetracycline, ampicillin at a concentration of 50 mg.L-
! each in filtered water) and fed twice daily with 200 pL of a dextran bead
solution (Sephadex G-25 Superfine by Sigma Aldrich: 20-50 pm diameter
ata concentration of 5 g.L.!) to remove algae from the gut. DNA was extract-
ed from 15-20 adult animals using an isopropanol precipitation protocol
(QIAGEN DNeasy Blood & Tissue Kit). Paired-end 125-cycle sequencing
was performed on an [llumina HiSeq 2000.

Raw reads were aligned using BWA MEM (Li and Durbin 2009) on the
Daphnia magna draft genome (v. 2.4) and a genetic map (Routtu et al.
2014). BAM alignment files were then filtered for quality, and PCR dupli-
cates were removed using PICARD tools (http://broadinstitute.github.io/
picard/). Variant calling was performed using freebayes (v. 0.9.15-1). VCF
files were then filtered using VCFTOOLS v. 0.1.12b (Danecek et al. 2011) to
include SNPs with a minimum quality of 20, a minimum genotype quality
of 30, and a mean sequencing depth between 10X and 50X. Only SNPs that
passed filters in every clone sample were included in subsequent analy-
ses, resulting in a dataset of 510,087 SNPs. Association analyses were per-
formed using the command “-assoc” in PLINK (Purcell et al. 2007), which
compares allele counts between cases and controls and outputs a p-value
from a chi-square test with one degree of freedom. Five pairwise compar-
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isons were performed to identify possible candidates for resistance to C1,
C19 and P20: (i) SS_,_ vs. RR__, (ii)) SS_S vs. RR_S, (iii) _,_  Svs. __ R,
(iv) RR_S vs. RR_R and (v) SS_S vs. RR_R. We corrected for the genomic
inflation of p-values (A) that may have resulted from relatedness between
samples using the R package GenABEL (Aulchenko et al. 2007). Lambda
was calculated excluding SNPs from linkage groups 3 and 5, since these
scaffolds displayed an excess of strongly associated markers. We divided
raw chi-square scores by A to obtain corrected p-values using R commands
“pchisq” and “estlambda”. For each SNP:

x2
Peorrectea = Py2 (Eq.1.1)
X ;{(XZLG¢3&5)

Histograms of corrected p-values were examined to confirm their uniform
distribution. We estimated the minimum false discovery rate incurred when
a given p-value was identified as significant (so-called g-value) from the set
of corrected p-values using the R package “qvalue” (Storey et al. 2015).

Q = qualue (Peorrectea) (Eq.1.2)

The minimum significant threshold for a given association was then cal-
culated as the maximum corrected p-value with a g-value less than 5%.

Piim = maX(PQ<O.05) (Eq.1.3)

The “gg.manhattan” function in R was used to display manhattan plots
of the comparisons between different resistotypes (https://github.com/
timknut/gg.manhattan/). We used BEDTOOLS (v 2.25.0) to extract genes
found in the associated candidate regions, using the 2011 annotation of the
genome (available at: wfleabase.org).

Assessment of resistotype segregation

The genetic model that resulted from the GWAS analysis allowed us to
make predictions about the segregation of resistotypes in sexually repro-
ducing D. magna lines. To test these predictions, we selfed D. magna clones
with different resistotypes. Selfing is possible with D. magna because the
same clonal line can produce sons (asexual production) as well as eggs by
sexual production. The latter need fertilization by males. The resulting sex-
ual eggs must undergo an obligatory resting phase before they can hatch
(Slusarczyk et al. 2019). The resistotypes of the selfed offspring (F1) were
examined to assess whether their segregation matched expectations from
the genetic model derived from the GWAS.

All clones used for the genetic crosses derived from the study population.
We selfed five to ten D. magna clones of the three common resistotypes
(RR_R, RR_S and SS_S) and two clones of a rare resistotype (SR_S), fol-
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lowing the protocol from (Luijckx et al. 2012). Hatching of selfed offspring
is not always successful, resulting in uneven sample sizes. We obtained be-
tween 19 to 89 selfed offspring from each of 22 parent clones (Supplemen-
tary Table S1.19). Their resistotypes were assessed with the attachment
test. Samples from each clonal line were stored at -20 °C for future DNA
extraction and genotyping.

Predictions of segregation patterns

We compared the resistotype segregation patterns in the selfed offspring
to predictions in our genetic model. To calculate proportions of expected
phenotypes, we developed an R package called “peas” (https://github.
com/JanEngelstaedter/peas) that enables the user to predict distributions
of offspring genotypes and phenotypes in complex genetic models with
Mendelian inheritance (Supplementary Documents S1.1 and S1.2). We
compared these predictions to the segregation patterns from our selfed oft-
spring using the Cochran-Mantel-Haenszel (C-M-H) test for repeated tests
of independence. The C-M-H test is applied either to 2x2 tables and out-
puts a Chi-square statistic (x?) or to larger tables (generalized C-M-H test),
where it outputs a M? statistic. When there was only one repeat per parent
genotype, we used the Fisher test. When there was only one category of ex-
pected and observed phenotype (i.e. no segregation), no test was possible,
and expectation and observation showed a perfect match. Following each
C-M-H test, assumption of homogeneity of the odds ratio across repeats
was confirmed using a Breslow-Day test (R package DescTools: Signorell
et al. 2018). However, this test can only be used with 2x2 tables. We ran a
Fisher test of independence on each comparison (expected vs. observed for
each repeat, Bonferroni corrected) to detect differences in opposite direc-
tions across repeats, which would have resulted in a non-significant C-M-H
test, but no such differences in direction were detected (see Supplementary
Table S1.15 for detailed results of statistical analyses). Tests were run on
counts, but for better illustration we present here segregation of offspring
as proportions.

Linking the phenotype to the genotype

We designed PCR-based diagnostic markers physically linked to the resis-
tance loci that the GWAS identified (DMPR1 to 4 for “Daphnia magna-Pa-
steuria ramosa” markers, Supplementary Table S1.20) and tested if these
markers (and their corresponding resistance regions) are indeed associat-
ed with the resistotypes, by comparing expected and observed association
between marker genotypes and resistotypes (Supplementary Tables S1.16
to $1.18). We then used these markers to confirm genotyping of the selfed
parents.

DNA extraction and PCR-based markers analysis

DNA of parents and selfed offspring was extracted on 96-well PCR plates
using a 10-% Chelex bead solution (Bio-Rad) adapted from Walsh et al.
(1991). First, individuals were crushed in the wells with 20 pL of deion-
ized water using a customized rack of metallic pestles. We added 150 pL
of 10-% Chelex solution and 10 pL of proteinase K and incubated samples
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for two hours at 55 °C followed by 10 min at 99 °C. Fragment amplification,
genotyping and allele scoring was done following the protocol described
in Cabalzar et al. (2019) (see Supplementary Table S1.21, for PCR reaction
details).

Statistical software

Unless otherwise stated, all statistical analyses and graphics were per-
formed using R software version 3.6.1 (R Core Team 2021). Graphics were
edited in Inkscape v. 1.0.1 (https://inkscape.org/). Mean values are pre-
sented with standard error: mean * se (Package RVAideMemoire v. 09-45-
2, Hervé 2015). Packages used in R for package installation, data manipula-
tion and graphics are the following: package development, documentation
and installation: devtools v. 2.2.1 (Wickham, Hester, et al. 2019) and rox-
ygen2 v. 6.1.1 (Wickham et al. 2018), data manipulation: dplyr v. 0.8.3
(Wickham, Francois, et al. 2019), tidyr v. 1.0.0 (Wickham and Henry 2019),
tidyquant v. 0.5.8 (Dancho and Vaughan 2019), tidyverse v. 1.2.1 (Wickham
2017), xlsx v. 0.6.1 (Dragulescu and Arendt 2018), graphics: ggplot2 v. 3.3.0
(Wickham 2016), extrafont v. 0.17 (Chang 2014), scales v. 1.0.0 (Wickham
2018), cowplot v. 1.0.0 (Wilke 2019), gridExtra v. 2.3 (Auguie 2017), gg-
pubr v. 0.2.3 (Kassambara 2019), ggplotify v. 0.0.4 (Yu 2019), magick v. 2.2
(Ooms 2019), egg v. 0.4.5 (Auguie 2019), ggsci v. 2.9 (Xiao 2018) and png v.
0.1-7 (Urbanek 2013).
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Genetic slippage after sex maintains diversity for
parasite resistance in a natural host population

AMeLINE C, VoeTLl F, Anbras JP, DexTer E, ENGELSTADTER J, EBerT D. 2021. Genetic
slippage after sex maintains diversity for parasite resistance in a natural host population.
bioRxiv. https://doi.org/10.1101/2021.07.11.451958

Abstract Although parasite-mediated selection is a major driver of host evolution, its influence on genetic variation for
parasite resistance is not yet well understood. To gain insight into the temporal dynamics of genetic variation, we mo-
nitored resistance in a large population of the planktonic crustacean Daphnia magna over eight years, as it underwent
yearly epidemics of the bacterial pathogen Pasteuria ramosa. We observed cyclic dynamics of resistance: resistance
increased throughout the epidemics, but susceptibility was restored each spring when hosts hatched from sexual re-
sting stages. We interpreted this phenomenon to be a result of genetic slippage in response to sex. Host resting stages
collected across the year showed that largely resistant host populations can produce susceptible sexual offspring.
Resting stages produced throughout the planktonic season accurately represent the hatching population cohort of the
following spring. A genetic model of resistance developed for this host-parasite system, based on multiple loci and
strong epistasis, is in partial agreement with our findings. Our results reveal that, despite strong selection for resistance
in a natural host population, genetic slippage after sexual reproduction can be a strong factor for the maintenance of
genetic diversity of host resistance.

Keywords parasite-mediated selection, zooplankton, resistance, resting egg, resting stage, sex, dormancy, genetic
model of resistance, Daphnia magna, Pasteuria ramosa
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Chapter 2

The origin and maintenance of diversity is a major question in evolutionary
biology, with the respective roles of selection, mutation, and drift in main-
taining genetic diversity in nature still being disputed (Fisher 1930; Fisher
1958; Frank 2013; Kern and Hahn 2018). Parasites, including pathogens,
have been suggested as a causal factor for some highly diverse regions in
plant and animal genomes. Indeed, the role of selection by parasites is well
established for the major histocompatibility (MHC) gene complex in jawed
vertebrates and resistance (R) genes in plants (Jeffery and Bangham 2000;
Hughes 2002; Radwan et al. 2020), both of which have remarkably high ge-
netic diversity (Sommer 2005; Baggs et al. 2017). In particular, coevolution
with parasites is linked to increased host diversity (Wang et al. 2017; Dux-
bury et al. 2019), and high diversity at resistance genes has been shown to
be advantageous against parasites (Sommer 2005; Zhao et al. 2016; Gosser
et al. 2019; Peters et al. 2019; White et al. 2020).

As a key mechanism for creating diversity via novel allele combinations,
sexual reproduction is a central component of host-parasite coevolution
theory (Lively 2010; Morran et al. 2011; Auld et al. 2016). Recombination
may allow a host population to create new genotypes to which the common
parasites are not yet adapted to, thereby reducing the damage caused by
parasites adapted to specific host genotypes. Based on this reasoning, it has
been suggested that parasites select for the maintenance of host sexual re-
production as a mechanism to create and maintain beneficial genetic diver-
sity—the Red Queen theory (Jaenike 1978; Bell and Smith 1987; Hamilton
et al. 1990; MacPherson and Otto 2018). Coevolution with parasites has in-
deed been shown to promote sex and outbreeding (Morran et al. 2011; Gib-
son et al. 2016), and there is empirical evidence of the advantage of sexual
over asexual reproduction in natural systems and associated experiments
(Tobler and Schlupp 2008; Auld et al. 2016; Gibson et al. 2018). The Red
Queen theory posits that parasite interactions make sexual recombination
advantageous for hosts as they can produce and benefit from rare allele
combinations. Selection should then have the form of time-lagged negative
frequency-dependent selection (NFDS) (Hamilton et al. 1990; Salathé et al.
2008; Lively 2010). On the other hand, sexual reproduction may represent
a cost for a population that has evolved adaptive resistance to a parasite be-
cause it may destroy advantageous allele combinations (Otto and Nuismer
2004; Otto 2009). Models have shown that recombination could indeed be
selected against under certain conditions of genetic architecture and se-
lection strength (Engelstadter and Bonhoeffer 2009; Kouyos et al. 2009;
Engelstadter 2015).

Coevolution by NFDS was suggested to maintain genetic diversity through
balancing selection within and among populations (reviewed in Ebert and
Fields 2020). Red Queen dynamics assume specific forms of host-parasite
interactions without which polymorphisms at loci under selection would
soon disappear (Agrawal and Lively 2002; Otto and Nuismer 2004; Thrall
etal. 2016). A major assumption of the specific genetic interaction matrices
of Red Queen models is epistasis (i.e. nonadditive gene action) and—for
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diploid organisms—dominance. For most host-parasite systems, however,
we know little about the link between the genetic architecture of resistance,
the effect of selection on resistance, and the role of genetic recombination
for the evolution of the system. Empirical work determining resistance to
parasites in natural systems has suggested a genetic architecture with few
loci, with dominance and epistasis, for most systems (Sasaki 2000; Li and
Cowling 2003; Tellier and Brown 2007; Wilfert and Schmid-Hempel 2008;
Metzger et al. 2016). Dominance and epistasis are particularly important
because they determine the degree to which the mean and variance of phe-
notypes change after genetic recombination (Otto and Nuismer 2004; Otto
2009). Depending on the form and strength of natural selection and the
mode of gene action determining the trait under selection, recombination
may impede or enhance the response to selection (Lynch and Deng 1994;
Otto 2009). To understand the role of sexual recombination in shaping the
evolutionary dynamics of resistance, knowledge of the genetic architecture
of resistance is necessary. Here we aim to fill this gap for a cyclic partheno-
genetic crustacean that undergoes seasonal epidemics of a virulent bacte-
rial pathogen.

Many organisms in diverse taxa, such as cladocerans, monogonont rotifers,
bryozoan, and aphids, reproduce by cyclical parthenogenesis. They pro-
duce parthenogenetic eggs directly throughout most of the season, with
occasional periods of sexual reproduction that result in resting stages that
usually hatch at the beginning of the following season (Decaestecker et
al. 2009). In such a reproductive system, selection is expected to increase
the mean fitness of the population. After a round of sexual recombination,
the mean fitness of the population presumably decreases, a phenomenon
known as regression to the mean before selection (Falconer 1981), or ge-
netic slippage in response to sex (Lynch and Deng 1994; Decaestecker et al.
2009). The variance of the trait under selection is also expected to change,
although the direction of the change cannot be easily predicted as it de-
pends on the signs of the covariances between genetic effects in the paren-
tal generation (Lynch and Deng 1994; Decaestecker et al. 2009). In rotifer
populations, variance has been observed to both increase and decrease
after sexual reproduction (Becks and Agrawal 2011; Becks and Agrawal
2012). Due to their extended period of asexual reproduction, cyclic par-
thenogens are good systems to study genetic slippage (Becks and Agrawal
2011). During the asexual phase, selection over time can build up stron-
ger linkage disequilibria among loci and deviations from Hardy-Weinberg
equilibrium (Lynch and Deng 1994), making the effect of both selection
and recombination on the trait under selection more evident.

We monitored resistance phenotypic changes over eight consecutive years
in a large natural population of the crustacean Daphnia magna, whose
yearly population cycle includes strong summer epidemics of the bacterial
parasite Pasteuria ramosa, sexual reproduction to survive the winter, and
the hatching of sexual resting stages in spring. In a previous study, we doc-
umented parasite-mediated selection and resolved parts of the underlying
genetic architecture of resistance to the local parasite (Chapter 1, Ameline
et al. 2021). Here we reveal genetic slippage created by sexual reproduc-
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Figure 2.1

Cyclic resistotype dynamics across eight years in the Aegelsee. From 2010 to 2018, samples of Daphnia magna were collected from early April to early October
every two to four weeks. Parasite prevalence was recorded and about 60 to 100 animals were cloned and their resistotypes (resistance phenotypes) assessed. A:
Pasteuria ramosa prevalence (= proportion of infected females) in the D. magna population. B: Resistotype frequency in the D. magna population. Resistance and
susceptibility to individual P. ramosa isolates are denoted as R and S, respectively. The combined resistotype shows resistance for up to five P. ramosa isolates:
C1, C19, P15, P20 and P21. Until 2013 only C1 and C19 were tested; in 2014 and 2015 isolates C1, C19, P15 and P20 were tested; and all five isolates were
tested after 2015. We use the placeholder “_” when an isolate was not tested. Resistance to P20 is pinpointed because of its importance in the evolution of the host
population (Chapter 1, Ameline et al. 2021) The “n” denotes the total number of genotypes tested in a given year. C: Resistotype frequency to each of the five P.
ramosa isolates. Note the strong increase in resistance to P20 every year.

tion in this cyclical parthenogen, showing that resistance increases during
the yearly parasite epidemics, but that recombination reestablishes the
initial resistance diversity in the following planktonic season. We link this
long-term monitoring to a system-specific genetic model of resistance that
predicts the impact of sexual reproduction on the temporal dynamics of the
evolution of resistance. Our data suggest that dominance and epistasis are
crucial for explaining the maintenance of genetic diversity for resistance in
this host population.

Seasonal epidemics

We monitored a large Daphnia magna population in the fishless Lake Ae-
gelsee, Switzerland (Chapter 1, Ameline et al. 2021) from 09.10.2010 to
24.09.2018, observing strong annual epidemics of Pasteuria ramosa that
typically started in early May, about a month after the host emerged from
diapause and lasted through most of the summer (Fig. 2.1A). Epidemics
reached peak prevalence of 70% to nearly 100%; no epidemic of any other
known D. magna parasite was observed in this population. The population
overwinters exclusively in the form of sexually produced resting stages,
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with an estimated overwintering population size of several millions. We
also monitored environmental and ecological variables over the course of
our study and present those results in Supplementary Fig. S2.1 and Discus-
sion S2.1.

Resistotype dynamics

Using five isolates of the pathogen Pasteuria ramosa, we quantified the pro-
portion of resistant (R) and susceptible (S) host phenotypes in the popula-
tion with an attachment test that measures the parasite’s ability to attach
to the host cuticle; failure to attach indicates resistant hosts (Duneau et al.
2011). Because we can clone females using the host’s parthenogenetic eggs
(iso-female lines), we can perform this test on several individuals with the
same genotype. Resistotypes—i.e. resistance phenotypes—are here pre-
sented as a sequence of R and S letters, each letter representing resistance
or susceptibility to one of the five tested parasite isolates in the following
order: C1, C19, P15, P20 and P21. We used the placeholder “_ for isolates
that we did not test or consider.

For eight successive years we observed similar resistotype frequencies
in spring (Fig. 2.1B). From 2011 to 2013, when data resolution was low-
er due to less frequent sampling and smaller sample sizes, the spring co-
hort was composed of about 25% of the SS___ resistotype and 75% of
the RR__  resistotype (Fig. 2.1B). Two additional P. ramosa isolates were
added from 2014 and one more from 2016 onwards, allowing for a more
refined picture that was dominated by four phenotypes: resistotypes SSSS_
and RRSS_ each represented about 25% of the population, RRSR_ about
45%, and RRRR_ about 5% (Fig. 2.1B). Overall, R resistotypes were more
common for C1, C19 and P20, while S resistotypes were more common for
the P15 and P21 parasites (Fig. 2.1C).

Each year, these resistotype frequencies were relatively stable at the begin-
ning of the season, but changed dramatically after the start of the P ramo-
sa epidemic in May. Two resistant phenotypes, namely RRSR _ and RRRR |
(blue in Fig. 2.1B, 2014-2018), increased in proportion, while the resisto-
types susceptible to P15 and P20—RRSS_, and SSSS_—decreased in pro-
portion (orange and yellow in Fig. 2.1B). Overall, resistance to all individual
P. ramosa strains increased over the season (dark gray in Fig. 2.1C): resis-
tance to C1 and C19 increased every year from 79+2% to 97+1% during
the entire six months of the D. magna planktonic phase. The biggest change
was resistance to P20, which increased from 49+49% to 96+2% within two
months during the main peak of the epidemics. Resistance to P15 and P21
showed a more complex pattern, with a tendency to increase during the
second half of the summer and decrease again towards the end of the sea-
son (Fig. 2.1C).

The stable spring frequencies across years, together with the strong dy-
namics across the summer season, resulted in a strong pattern of cyclic
resistotype frequencies changes. Among about four thousand tested gen-
otypes across eight years, some resistotypes were never observed in our
samples, e.g. SS_R_ and RS_, _, possibly indicating genetically impossible
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Genetic slippage resulting from sexual reproduction in the Aegelsee Daphnia magna population. A: Observed resistotype (resistance phenotype) frequencies in the
D. magna population from 2014 to 2018 (same as Fig. 2.1B for 2014 to 2018; repeated here for better comparison). B: Mean resistance to Pasteuria ramosa across
time. Mean resistance increases across every summer planktonic phase. We attributed to each resistotype a resistance score ranging from zero to the number of
isolates tested, and weighted the mean per sampling point by the number of tested isolates, resulting in a score between zero and one (e.g. RRRRR would have
an overall resistance score of 1 and SSSSS would be 0). The dashed lines span the time windows during which sexual offspring overwinter and hatch the following
spring. C: Variance of resistance across time, calculated along with the mean in panel B. Note that in 2014 and 2015, four bacterial isolates were tested, while
we used five from 2016 to 2018. Therefore, mean and variance cannot be directly compared between years when different number of parasite isolates are used.

phenotypes combinations or absence of polymorphisms at the underlying
resistance loci in this population.

Response to selection for resistance

As a cyclic parthenogen, D. magna reproduces asexually during most of the
active season and produces sexual resting stages (embryos) in a protec-
tive case (ephippium) that overwinter and hatch in the spring. Because the
planktonic animals do not overwinter in our population, the spring cohort
is exclusively the result of sexual reproduction. To look at the impact of
selection and recombination on resistance diversity during and between
seasons, respectively, we calculated the mean and variance of resistance
phenotypes of the planktonic population for each sample through time, as-
signing resistance (R) and susceptibility (S) a value of 1 and 0, respective-
ly. If directional selection acts on resistance, we expect mean resistance to
increase, as selection removes susceptible phenotypes. As hardly any sus-
ceptible resistotypes are left at the end of the summer, we further expected
variance in resistance to decrease during the summer, as resistance reaches
high values. Furthermore, a round of sexual reproduction is expected to re-
store, or partly restore, the variance and the mean is expected to relapse to
some degree because genetic recombination leads (under most conditions)
to a regress to the mean before selection (Falconer 1981)—also discussed
as genetic slippage (Lynch and Deng 1994; Decaestecker et al. 2009). Our
results align with these predictions: every year, mean resistance increased,
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and variance declined over the planktonic season (Fig. 2.2). After sexual
reproduction, variance was restored, and the mean regressed towards the
mean of the previous year before selection. What was surprising, however,
was that the relapse of the mean was nearly perfect over the entire study
period, showing that there was no overall response to selection across sea-
sons. Note that the apparent drop in the mean between 2015 and 2016 in
Figure 2.2 is caused by the addition of one more P. ramosa isolate (P21) in
the test panel.

Selection and sexual reproduction

To understand these pronounced dynamics in mean resistance and its vari-
ance, we collected and hatched sexually produced resting stages across
three seasons, using sediment traps that we emptied at about monthly in-
tervals. Sediment traps allow us to decouple the current resting egg pro-
duction from resting eggs produced earlier (forming a seed bank-like res-
ervoir), as these traps only collect resting stages that are dropped from the
current planktonic population. This allowed us to estimate when sexual re-
production occurred and—by subsequent hatching of resting stages from
each sampling date—to estimate the hatchlings resistotype frequencies.

We observed that resting stages were produced throughout most of D.
magna’s planktonic phase and tended to show multiple peaks before and
after the main change in resistotype frequencies in June-July (Fig. 2.3B).
The number of resting stages per ephippium (zero, one or two) produced
over the planktonic phase of D. magna remained approximately stable
(Supplementary Fig. S2.2B and C, linear regression, all years pooled: R* =
0.14, F=3.2 on 1 and 13 DF, p = 0.095). After diapausing the resting stages
in the dark at 4 °C, the overall hatching success in outdoor containers in the
following spring was 74.4+3.9%, which was independent of the date when
the resting stages were collected (linear regression, pooled for all years: R?
=0.042, F=1.75 on 1 and 16 DE p = 0.20). The hatching pattern after in-
duction was also consistent, with most resting stages hatching within a few
days after induction (Supplementary Fig. S2.2). The few resting stages that
hatched later did not differ in their resistotype proportions from the earlier
hatchlings (measured only in 2014, Fisher’s test, p = 0.32, Supplementary
Fig. S2.3).

All hatchlings were cloned and tested for resistotypes. Surprisingly, in all
years, the observed resistotype frequencies of the hatchlings remained
rather stable over the season, both for the combined and for the individual
bacterial isolates (Fig. 2.3C and D), independent of the strongly changing
resistotype composition of the planktonic animals at the time of resting
egg production (Fig. 2.3A). This created a substantial difference between
the resistotype distribution of the parent population and their sexual off-
spring, especially in late summer, when we observed that susceptible off-
spring resistotypes (RRSS_ and SSSS_, orange and yellow in Fig. 2.3C) were
created from a parental population that consisted almost solely of resistant
resistotypes (RRSR_ and RRRR_, blue in Fig. 2.3A). Remarkably, the most
resistant resistotypes in the planktonic population were hardly seen in the
offspring populations (RRRR _ in 2014 and 2015 (dark blue), RRRRR, RR-
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Longitudinal resting stage hatching of Daphnia magna from the Aegelsee. A: Observed resistotype (resistance phenotype) frequencies in the D. magna population
from 2014 to 2018 (same as Fig. 2.1B, repeated here for better comparison). B: Observed relative number of D. magna resting stage cases (ephippia) produced
in the pond and recovered from five to nine sediment traps, in two—four-week intervals from early April to early October in 2014, 2015, 2017 and 2018. Time on the

x-axis represents the mid-point between two consecutive emptying of the traps. The “n” indicates the total number of ephippia for a given year. C: Resistotype fre-
quencies of the hatchlings from the sediment traps plotted against the collection time (only for 2014, 2015 and 2017). Resting stages from 2018 were collected but
not hatched. Note that in 2014, the first resting stage sample was lost. In 2015, no hatchlings emerged from the last sample. We represent the four-letter resistotype
(C1,C19, P15, P20) to be comparable with the E panel. D: As in C but for each of the five Pasteuria ramosa isolates separately. E: Expected resistotype frequencies
of hatchlings from sexually produced eggs (resting stages) by the planktonic population across the entire planktonic season (also for parts of the season where
no resting stages were produced). Expected resistotype frequencies were calculated using the genetic model of resistance in the D. magna—-P. ramosa system
assuming random mating of the parent population at the time of resting stage production. Detailed methods and results of these calculations are given in the text
and in Supplementary Figs. S2.5 and S2.6 and Tables S2.1 and S2.2.

RRS and RRSRR in 2017 (dark and bright blue), Fig. 2.3A and C).

Resting stages produced during the planktonic phase accumulate over the
planktonic season, overwinter and hatch in the following spring. Pooling
the resistotype data of the hatchlings from the sediment traps across the
entire season and weighting resistotype frequencies by the abundance of
resting stages in each sample is therefore a predictor of the expected re-
sistotype composition for the following spring cohort. These predictions
match the resistotype composition of the planktonic population in spring
very well for all three years (Fig. 2.4, Supplementary Figs. S2.3 and S2.4),
indicating that the populations of hatchlings from the cumulative sediment
trap samples are representative of these spring cohorts.

Calculation of expected resistotype frequencies in resting stages

From previous genetic studies we know that dominance and epistasis are
defining features of the inheritance of resistance to P ramosa (Luijckx et al.
2013; Metzger et al. 2016; Bento et al. 2017; Bento et al. 2020; Chapter 1,
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Scatter plot of resistotype frequencies of the hatchlings from the overwintering resting stages (collected in the sediment traps) against those of the Daphnia magna
collected the following spring in the Aegelsee. The x-axis represents cumulated resistotype frequencies in the hatchlings from the sediment traps. These frequen-
cies were calculated by weighing resistotype frequencies in the hatchling population by the relative number of resting stages produced at each sampling point. The
y-axis represents cumulated resistotype frequencies in the first sample collected the following spring after the resting stages. Dots are plotted using jitter to reduce
overlap. The grey line represents the y = x function and depicts an expected perfect match between both resistotype frequencies. The black line represents the
fitted linear regression with 95% error as the grey area (not visible in the 2017-2018 panel because it is too small).

Ameline et al. 2021). To predict the role of sexual recombination in shap-
ing resistance dynamics, we used an existing genetic model for resistance
in our study population to calculate the expected resistotype frequencies
in the offspring population at the time of resting stage production (sexual
reproduction). These calculations require knowledge of allele frequencies
at the resistance loci, which are unknown, but which we estimated using
known resistotype distributions and assumptions. Although the published
genetic model for resistance includes six loci (A to F), here we considered
variation only at the B, C, D and E loci (Supplementary Fig. S2.5). The A and
the F loci, known from other D. magna populations, seem to be monomor-
phic in the Aegelsee population. Alleles B and d are expected to be rare:
resistotypes determined by the “B-” and the “dd” genotypes, regardless of
the genotype at other loci, were only observed rarely (Fig. 2.1 and Chapter
1, Ameline et al. 2021). Allele frequency at the C and E loci have been pre-
viously determined in a spring sample from the Aegelsee D. magna pop-
ulation (Chapter 1, Ameline et al. 2021). Using these C- and E-loci allele
frequencies within each resistotype and fixing the B and D loci to be “bbDD”
genotype, we found that expected and observed resistotype frequencies
match better than do several other scenarios, e.g. equally distributed allele
frequency at the C and E loci (Fig. 2.3C and E, Supplementary Figs. S2.6 and
S2.7, Tables S2.1 and S2.2). Expected and observed resistotype frequency
in the hatchling population match especially well in the first half of the sea-
son (Fig. 2.3C and E). In the second half of the season, however, we see a
marked difference, with the presence of the abundant RRSS_ resistotype
(about 25%) not predicted by the model (orange in Fig. 2.3C and E).

This discrepancy between predicted and observed resistotype frequencies
in the second half of the season may have been due to a non-representa-
tive distribution of animals producing the sexual eggs (resting stages) at
this time of the year. We tested this by collecting, in August 2020, D. magna
samples and quantifying the resistotype distribution of females carrying
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resting stages, of males, and of a random sample of females. We found good
correspondence between the random population samples, the sexual fe-
males, and the males (Supplementary Fig. S2.8), indicating that the animals
reproducing sexually are a representative sample of the population with
regards to resistotypes. Additionally, we quantified the resistotype distri-
bution of a random sample of females in April 2021 and found a similar
distribution than in the previous spring samples (Supplementary Fig. S2.8),
indicating that the strong genetic slippage has been shaping the resistance
profile of this population for ten years.

Genetic variation for parasite resistance in natural populations is known to
be very high, but the mechanisms maintaining this variation are not well
understood. Here we address this topic by monitoring the long-term im-
pact of seasonal epidemics of a bacterial pathogen (Pasteuria ramosa) on
the genetic variation in parasite resistance in a natural zooplankton popu-
lation (Daphnia magna). We observed an increase in mean resistance ev-
ery summer coinciding with the epidemics, which have been shown to be
driven by parasite mediated selection on two well-defined genomic regions
(Chapter 1, Ameline et al. 2021). Surprisingly, despite the strong selection
against susceptible hosts, the sexually produced hatchling population in
spring showed again high frequencies of susceptible host resistotypes.
These frequencies remained stable over the eight-year observation period,
indicating an apparent absence of response to selection across years. These
cyclical dynamics were also seen in the variance for resistance, which de-
clined every summer, but increased again from Fall to Spring after overwin-
tering. Despite the strong selection, these cycles maintain genetic variation
for resistance in the host population. We show that the resistance cycles
are shaped by the seasonality in production and hatching of sexual resting
stages in combination with the underlying genetics for the inheritance of
resistance involving dominance and epistasis.

Repeated strong parasite-mediated selection in a natural population

The seasonal change in resistotype proportions in the D. magna Aegel-
see population that we observed followed a consistent pattern across our
eight-year study period: resistant phenotypes increase during the plank-
tonic phase of the host, coinciding with the P. ramosa epidemics (Fig. 2.1).
Using material collected in the Aegelsee in 2014 and 2015, we previously
confirmed experimentally that these resistotype frequency changes re-
sulted from parasite-mediated selection (Chapter 1, Ameline et al. 2021).
Parasite mediate selection has been shown to rapidly raise the frequency
of resistance in Daphnia (Little and Ebert 1999; Decaestecker et al. 2007;
Duffy and Sivars-Becker 2007; Duncan and Little 2007) and in other host-
parasite systems (Schmid-Hempel 2011; Morgan and Koskella 2017; Kos-
kella 2018), although long-term monitoring of natural populations remains
scarce (Laine 2009; Gonzalez-Tortuero et al. 2016; Gibson et al. 2018).

We observed that this increase in resistance occurred in the host popula-
tion with some temporal variation in magnitude and speed (see season-
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al increase in dark grey in Fig. 2.1C). Most notably, over five consecutive
years, resistance to the sympatric P ramosa isolate P20, which has been
shown to play a major role in epidemics in our population (Chapter 1, Ame-
line et al. 2021), increased from about 50% to 100% each year within two
months around the peak of the epidemics. Resistance to P ramosa isolates
C1 and C19 consistently increased throughout the planktonic phase each
year (from about 75% to nearly 100%), showing that resistance to these
infectotypes may also be selected for in the host population. From 2016
to 2018, resistance to P15 and P21 increased as well, but decreased some-
what when parasite prevalence declined towards the end of the season,
which was not the case for resistance to P20. This result might be explained
by a cost of resistance, as resistant genotypes lose their selective advantage
once parasite prevalence declines below some level, making susceptible
genotypes increase in frequency. We can safely exclude genetic drift as an
explanation for these cyclic changes, because the D. magna census popula-
tion size in the Aegelsee is estimated at over ten million individuals with
an overwintering resting egg bank of about the same size. In summary, we
observed a highly repeatable, adaptive increase in resistance to all tested
parasite infectotypes every year. Despite this increase in resistance, howev-
er, susceptibility to the parasite was created anew after a round of sexual
reproduction in the spring cohort, resulting in a stable long-term genetic
diversity for resistance across years (Fig. 2.1B).

The effects of genetic recombination on resistotype composition
Decrease of population mean resistance

Because sexual reproduction is a prerequisite for resting stage formation in
D. magna, we could decouple the effects of selection and genetic recombi-
nation on resistance in our host population. Overwintering happens only in
the form of sexually produced resting stages, as planktonic individuals die
off in early October due to the artificial warming of this sewage pond (Sup-
plementary Fig. S2.1). Every spring, we observed that the mean resistance
of the hatchlings was much below the mean resistance from the previous
fall (Fig. 2.2B). While the strength of this effect was surprising to us, the ob-
servation that population regress back to the mean of the parental popula-
tion before selection is well known (Falconer 1981; Lynch and Deng 1994;
Otto 2009). Prolonged periods of asexual reproduction amplify this effect,
which might explain the strength of genetic slippage observed in the stud-
ied population (Lynch and Deng 1994). However, despite regression back
to the mean of the parental generation, it is usually expected that, under
selection, the offspring mean will move away from the parents (long-term
response to selection). This did not happen in our population, or it is so
weak that we did not pick up the signal. We suggest that the combination of
timing of sexual reproduction and genetic architecture of resistance causes
these cycles in mean resistance.

We found that resting stages are not only produced at the end of the plank-
tonic season, but already starting in somewhat irregular patterns during
the season, with roughly two seasonal peaks, one early in the epidemic and
one towards the end of the season (Fig. 2.3B). Resting stages produced at
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different times did not vary in fitness-related aspects (hatching rate, resting
stages per ephippium, hatching time, Supplementary Fig. S2.2), suggest-
ing that their contribution to the next year spring cohort is approximate-
ly even. Thus, some of the sexual eggs (resting stages) that hatched in the
spring were produced before selection acted on the parental generation,
dampening the overall effect of selection on the spring cohort the following
year. However, as typically more than 50% of the resting stages were pro-
duced after selection had increased resistance, this alone cannot explain
the strong regression to mean resistance. We speculate that the genetic ar-
chitecture underlying resistance may also contribute to this discrepancy.

Sex reestablishes resistance diversity

We phenotyped the hatchlings of the sexually produced resting stages col-
lected in the sediment traps throughout the season. Early in the season,
sexual offspring present approximately the same resistotype distribution
as their planktonic parent population. Strikingly, however, resting stages
collected late in the season show a markedly different resistotype from
the planktonic host population at this time of the year. Namely, the par-
ent population in the late season is composed of mainly resistant animals
but produces about 50% susceptible offspring resistotypes (Fig. 2.3). Sex-
ual recombination, coupled with a genetic architecture with epistasis and
dominance, could create susceptible genotypes out of resistant ones.

To investigate how resistotype diversity is reestablished through sexual re-
production, or how resistant phenotypes can produce susceptible ones, we
used a previously published genetic model for the inheritance of resistance
in D. magna against P. ramosa infections (described in Supplementary Fig.
S2.5, Metzger et al. 2016; Bento et al. 2020; Chapter 1, Ameline et al. 2021).
This model allowed us to predict the resistotype frequencies of sexual oft-
spring given a pool of parent resistotypes and their underlying genotypes.
We then compared these predicted resistotype frequencies to those we
observed among the resting stage hatchlings we collected throughout the
season. In the early half of the season, our model worked rather well, with
a slight discrepancy between the proportions of the RRSR _ resistotype (the
model predicted more than we observed; light blue in Fig. 2.3C and E) and
RRSS_ (the model predicted less than we observed, orange in Fig. 2.3C and
E). In the second half of the season, we observed a stronger discrepancy
between expected and observed resistotype distributions: P20-susceptible
resistotypes (RRSS_, orange in Fig. 2.3C and E) are very common (about
25%) among the sexual offspring resistotypes, although according to our
model, they should not be produced by a parent population where P20-re-
sistant resistotypes dominate, because resistance to P20 is recessive (Fig.
2.3, Supplementary Fig. S2.5). The genetic model of resistance displays
strong epistasis and dominance, also influencing resistance to P20 (Bento
et al. 2020; Chapter 1, Ameline et al. 2021). Two loci, the C and the B loci,
epistatically influence resistance to P20, but in the present case, this cannot
explain the emergence of RRSS_ offspring from a parent population lacking
RRSS_ individuals. Taken together, genetic recombination in this multi-lo-
cus system with epistasis and dominance seems likely to be the main con-
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tributor to the maintenance of genetic diversity for resistance. Our genet-
ic model is not complete and seems to miss further epistatic interactions
between the known loci or additional unknown loci. With multiple loci,
dominance and epistasis, it is difficult to interpret the outcome of genetic
crosses, because the number of possibilities increases rapidly.

Finally, the genetic model alone does not allow us to predict the frequencies
of resistotypes after recombination without making assumptions about al-
lele frequencies at these loci. We assumed allele frequencies derived from
the overall observed resistotype diversity in the population and from pre-
vious estimates using genetic markers (see methods section and Chapter
1, Ameline et al. 2021). We also assumed that allele frequencies underlying
each resistotype did not change across the planktonic phase because we
have no reason to expect changes in the frequencies of genotypes coding
for the same resistotype. With more knowledge about the actual loci un-
derlying the resistotypes, we may be able to predict resistotype frequen-
cies better in the future. However, changing the assumptions for the allele
frequencies to predict resistotype frequencies in sexual offspring did not
produce enough of an effect to explain the mismatch between the fall par-
ent generation and their sexual offspring.

No evidence for pre-hatching or pre-zygotic selection related to resistotype

Pre-zygotic and/or pre-hatching selection could also contribute to the
observed discrepancies between parent and offspring resistotypes. This
could occur if different resistotypes in the planktonic population contrib-
uted unequally to sexual reproduction, producing males or resting stages
differentially, or copulating at different rates. However, Orsini et al. (2016)
suggest that the produced resting stages in D. magna population accurately
represent the planktonic population, which agrees with an assessment in
our study population indicating that the males and females that participate
in sexual reproduction represent the resistotype distribution of the entire
population well (Supplementary Fig. S2.8).

Another form of pre-zygotic selection could result from negative assorta-
tive mating that favors rare susceptible resistotypes. We cannot rule out an
effect of assortative mating contributing to the resistotype distribution in
the offspring population. Assortative mating describes non-random mating
between male and female genotypes or phenotypes. Positive assortative
mating linked to body size and other traits has been found in a variety of
animals, while negative assortative mating linked to immune genes (MHC)
has been found in mice and humans (Wedekind et al. 1995; Chaix et al.
2008; Jiang et al. 2013). However, assortative mating in relation to immu-
nity or resistance remains to be investigated in invertebrates, and as most
population genetics models—including the present study—assume ran-
dom mating, this is an important aspect for further study. Resistotype-de-
pendent selection during diapause or hatching could also distort resisto-
type frequencies.

Finally, one may imagine that our ephippia sediment traps collected late
in the season contained resting stages that had been produced earlier in
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the season and were re-suspended in the water column. However, several
arguments speak against this. First, the pond does not contain fish, that
may cause bioturbation. Second, the lake has no inflow, but only a very slow
outflow, causing no detectable water movement. Third, at times when the
D. magna population does not produce resting stages (the spring cohort
in April), we find no resting stages in the sediment traps. Fourth, the same
redistribution (in quantity and quality) would have needed to occur every
year, as we observed the same patterns over three years. We thus conclude
that water turbation is an unlikely explanation for the observed mismatch
between resistotype distributions in the fall planktonic phase and the sex-
ual stages it produced.

The Red Queen theory for the maintenance of sex

Genetic recombination is a double-edged sword. On one side, it creates
novel genotypes and phenotypes on which selection can act; on the oth-
er side, it may destroy coadapted gene complexes. At first sight, the latter
seems to be the case on our study population because the recombinant off-
spring are less resistant than their parents. This seems to contradict the
Red Queen hypothesis for the maintenance of sex (Jaenike 1978; Hamilton
et al. 1990; Otto and Nuismer 2004; Salathé et al. 2008), which postulates
that genetic recombination is advantageous for hosts because, by creating
previously lost genotypes, it overcomes the rapid adaptation of parasites
to common host genotypes (Lively 2010; Gibson et al. 2018). Under this
hypothesis, common hosts are expected to become over-infected, and rare
hosts gain an advantage because at least some of them may be resistant to
the common parasites. Indeed, in our population, recombination recreates
genotypes and results in a more even distribution of genotypes and phe-
notypes, including the recreation of P20-susceptible phenotypes that were
previously lost by selection. However, this seems to be disadvantageous,
because the recreated phenotypes are susceptible to the common parasite.

In our study population, we have no good information about the parasite
infectotypes spreading throughout the year. However, we saw that preva-
lence was still high after mid-season, when the P20-susceptible hosts be-
came rare and presumably also the parasites of the P20 type. We speculate
that parasites of the P21 type then become more common, which is con-
sistent with the decline in P21-susceptible hosts late in the season. With
better knowledge of the parasite population, we may be able to track yearly
shifts in the frequency of parasite infectotypes and relate it to the changing
host resistotype frequencies. In this scenario, genetic recombination in the
host in the second half of the season may alter the host resistotypes that
become the target of late-season parasites.

In this study, we demonstrate parasite-mediated selection in a natural host
population and elucidate the role of sexual reproduction for diversity in
resistance phenotypes. Our work stresses (i) the cyclical nature of host-
parasite interactions, (ii) the very fast pace of parasite-driven changes in
the host population and (iii) the fact that sexual recombination plays an
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important role in reshuffling allele combinations. Due to dominance and
epistasis in the genetic architecture of resistance, this reshuffling resets the
clock to the time before selection acted, rendering the response to selection
zero. Although this is an extreme case of genetic slippage in response to
sex, it is a powerful agent to maintain genetic diversity, which is a hallmark
of resistance in natural populations of Daphnia and other animals, plants
and bacteria (Altermatt and Ebert 2008; Desai and Currie 2015; Zhao et
al. 2016; Cabalzar et al. 2019; Broniewski et al. 2020; Sallinen et al. 2020;
White et al. 2020). As climatic seasonality seems to determine the dynam-
ics of parasite resistance in our host population, and given the known im-
pact of climate change on epidemics in the D. magna-P. ramosa system
(Auld and Brand 2017), one may speculate that the dynamics in our study
population may change in response to the predicted changes in climatic
conditions and seasonality.

However, for the maintenance of the genetic variation in resistance, the ge-
netic mechanism underlying resistance is sufficient. The strong cycles ob-
served every year are caused by the combination of this mechanism with
the synchronous hatching of sexual eggs produced in the previous season.
The seasonal production and hatching of the sexual stages make the effect
of genetic slippage particularly strong, because the effect of selection on the
asexual planktonic phase of the host becomes more apparent, but seems
not necessary for the maintenance of genetic variation for resistance.

The Daphnia magna-Pasteuria ramosa system

Daphnia magna Straus (Cladocera) is a freshwater planktonic crustacean
that reproduces by cyclical parthenogenesis. Asexual females produce ge-
netically identical (clones) diploid daughters or sons throughout the sea-
son. These females may switch to become sexual, and their haploid eggs
need fertilization by males. Sexual eggs, which we call resting stages (pre-
cisely: embryos in developmental arrest) are produced, singly or in pairs,
in a protective case (= ephippium) and require a resting period prior to
hatching. All hatchlings from resting stages are asexually reproducing fe-
males. Daphnia filter-feed on planktonic algae and from the sediment sur-
face, which is also how they ingest the transmission stages (= spores) of the
bacterial parasite Pasteuria ramosa (Firmicutes: Bacillales). When infected
by P ramosa, D. magna take on a reddish coloration and increase in size
(gigantism). Infection results in castration, reducing host reproductive suc-
cess by 80% to 90%. Infected hosts die after six to ten weeks, releasing mil-
lions of long-lasting spores into the environment (Ebert et al. 1996, 2016;
Ben-Ami 2017).

Temporal monitoring

Our study site was the Aegelsee pond near Frauenfeld, Switzerland, a fish-
less pond previously described in detail in Chapter 1 (Ameline et al. 2021),
which contains a very large population of D. magna. To study the impact of
the P ramosa epidemics on the host, we sampled the D. magna population
throughout its planktonic season (April to early October) for eight consec-
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utive years, monitoring the frequencies of different resistance phenotypes
(resistotypes) in the planktonic population. We also used traps to collect D.
magna resting stages for three seasons and hatched them under semi-nat-
ural conditions the following spring. From 2011, a temperature logger was
placed in the pond at a water depth of 0.5 m suspended from a buoy near
the sampling spot. Water level was recorded at each sampling event.

Field work

Our first sample was collected in early October 2010. From 2011 to 2013,
we collected approximately once a month, often a small sample size and
without a standardized sampling protocol. From 2014 to 2018, we sam-
pled the D. magna population using a standardized protocol every two to
four weeks from early April to early October (more samples during the ep-
idemic). Unless mentioned otherwise, all measurements were done at the
deepest location close to the southern bank of the pond.

To monitor prevalence and the evolution of resistance, we sampled plank-
tonic D. magna females at each collection date. We scooped the whole depth
of the water column with a net (20-cm width and 1-mm mesh opening)
to obtain several hundred animals. Samples were kept at 15 to 20 °C and
transported to the laboratory and processed within four hours.

To sample the overwintering resting stages of the population, we collected
surface sediment from five locations in the pond once in February 2014, be-
fore onset of the natural hatching season. This sample represents the over-
wintering resting population produced during the active season in 2013.
To longitudinally sample the resting stages produced by the D. magna pop-
ulation across the season, we used five to nine sediment traps (vertically
standing cylinders with 18-cm diameter and 0.4-mm mesh opening) placed
on the lake bottom near the deepest part of the lake, and retrieved their
content at each collection date during the planktonic season in 2014, 2015,
2017 and 2018. Collected D. magna resting stages were hatched in outside
containers the following spring after overwintering at 4 °C in the dark. Each
container contained a hundred ephippia per trap per timepoint and were
monitored for several weeks. We collected hatchlings and cloned them in
the laboratory. We measured the resistotype of 20 clonal lines (clones) per
trap per timepoint, resulting in 100 clones per timepoint.

To obtain an estimate of Daphnia density, we used bottles to directly scoop
the water from different depths three to five times (from 2011 to 2013).
From 2014 we used a plankton net, performing ten vertical hauls from the
bottom of the pond at the deepest point of the lake.

Analysis of field samples

The Aegelsee contains three Daphnia species: D. magna, D. pulex and D.
curvirostis. The relative abundance of these species was measured in the
laboratory by sorting and counting the density samples using a stereomi-
croscope. Because D. pulex and D. curvirostis have similar morphologies,
we counted them together and inferred their relative proportions by de-
termining the species in a random subset of 100 animals. We counted the
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number of males in a subset of 100 D. magna.

From each sample, we established clonal (iso-female) lines of about 100 D.
magna to be used later for resistotype assessment. We estimated the preva-
lence of infection as described in Chapter 1 (Ameline etal. 2021), and cured
P. ramosa infections when they were observed, as otherwise cloning is not
possible. Pasteuria ramosa is the only significant parasite in this population
and was never observed to infect any species other than D. magna in this
population.

We counted the D. magna ephippia retrieved from the traps and overwin-
tered them at 4 °C in the dark. In the spring following the collection year
(2014, 2015 and 2017), 20 to 100 ephippia (depending on how many were
collected at a given sampling time point) from each sampling date were
placed in 80-L containers filled with 30 L. ADaM medium (Kliittgen et al.
1994, as modified in Ebert 1998). Containers were placed outdoors under
direct sunlight and checked for hatchlings every second day. We recorded
hatching dates and cloned hatchlings in the laboratory. We randomly chose
100 D. magna clones equally distributed among replicate traps at each sam-
pling date to assess the resistotypes. To estimate hatching rate, we counted
the number of resting stages per ephippium (zero, one or two) in a subset
of ten to 20 ephippia that were not used for the hatching experiment, in at
least two replicates for each collection date.

Pasteuria ramosa isolates

In addition to the four P ramosa isolates used previously (C1, C19, P15 and
P20, see Chapter 1, Ameline et al. 2021), we isolated another strain of P
ramosa, P21, from our study population by exposing D. magna clones to
suspended pond sediment. We took one infected female and serially pas-
saged the bacteria from this female three times by infecting females of the
same host clone. Spore production in the laboratory followed the protocol
described by Luijckx et al. (2011).

Resistotype assessment: the attachment test

We determined the resistance phenotype (resistotype) for each D. magna
clone using the attachment test of Duneau et al. (2011). In short, early in
the infection process, bacterial spores will attach to the foregut or the hind-
gut of susceptible host clones and penetrate the host’s body cavity. Spore
attachment indicates host susceptibility (S), while absence of attachment
indicates host resistance (R). We exposed each individual host to 8,000 (C1,
C19) or 10,000 (P15, P20, P21) fluorescent spores and assessed attachment
microscopically. Attachment was judged in each individual as yes or no. At
least three replicates of each clone were used for each parasite isolate. Rep-
licates are highly consistent in their attachment (Bento et al. 2017; Bento
et al. 2020). For each host-parasite combination we obtained a consensus
resistotype (R or S), based on the majority of the individual attachment
tests. Across parasite strains, we defined the overall resistotype as the com-
bination of resistance phenotypes to the five individual P ramosa isolates in
the following order: C1, C19, P15, P20 and P21 (e.g. a clone susceptible to
all isolates will have the SSSSS resistotype). When resistance to a strain is
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not considered, we use the placeholder “_" e.g. “RR_RR resistotype”. With
time, we were able to include more parasite isolates: from 2010 to 2013,
only the resistotypes to C1 and C19 were assessed. In 2014 and 2015, P15
and P20 were added, and all five P ramosa isolates were tested from 2016.

To assess genetic slippage, we calculated the population mean resistance
to P ramosa for each sampling time. We assigned a resistance score to each
resistotype ranging from zero to one to compare timepoints when we used
different numbers of parasite isolates. For example, a host individual with a
RRSRS resistotype was attributed a resistance score of 3/5 = 0.6.

Hatching modelling

To predict resistotype frequencies of sexual offspring of the planktonic D.
magna population, we used the R-package “peas”, which generates pre-
dictions about the distribution of offspring genotypes and phenotypes
in genetic crosses, based on specified systems of Mendelian inheritance
(https://github.com/JanEngelstaedter/peas). We implemented the genetic
model of resistance described in Chapter 1 (Ameline et al. 2021) in the D.
magna-P. ramosa system for our study population. This model includes the
genetic architecture of three loci (the B, C and E loci) that govern host re-
sistance in our study population. The dominant allele at the B locus confers
resistance (R) to C19 and susceptibility (S) to C1. The dominant allele at the
C locus confers resistance to both the C1 and C19 P. ramosa strains, regard-
less of the genotype at the B locus (epistasis). The E locus contributes to re-
sistance to P20. Resistance is dominant at the C locus (resistance to C1 and
C19), whereas resistance is recessive at the E locus (resistance to P20). Ho-
mozygosity for the recessive allele at the B and C loci induces susceptibility
to P20, regardless of the genotype at the E locus (epistasis). In the present
study, we add the genetic architecture of the D locus to the model, which
determines resistance to the P15 P ramosa isolate (Bento et al. 2020). Im-
plementation of the model is described in Supplementary Fig. S2.5 and
Doc. S2.1. Implementing this model in the “peas” package, we calculated
the expected resistance genotypes and phenotypes of sexual offspring of
each possible mating among parent resistotypes. We assumed different al-
lele frequency scenarios because the known resistotypes of the parents are
not sufficient to estimate their exact genotype- and allele-frequencies, as
some alleles can be hidden by dominance and epistasis. We then calculat-
ed the expected offspring resistotype frequencies over time corresponding
to each of resting stage sample. If the genetic model accurately represents
the biology of the system, the expected resistotype frequencies will match
those found in the hatchlings from the sediment traps corresponding to the
same sampling time. Detailed calculations are described in Supplementary
Doc. S2.2 and Fig. S2.9.

Statistical software

Software used for statistical analyses and graphics are described in Supple-
mentary Doc. S2.3.
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Inheritance of resistance to two Pasteuria
ramosa isolates in a Daphnia population

CamiLLE AMELINE, CHENG CHOON ANG, MARIDEL FREDERICKSEN, MERET HALTER AND DIETER EBERT

Abstract Theory of host-parasite coevolution is based on diverse models of the genetic architecture of resistance and
infectivity. However, the genetic architecture of resistance to parasites is only known in a few model systems, and rarely
linked to evolutionary dynamics in natural populations. The Daphnia magna-Pasteuria ramosa host-parasite system
has become a model system in coevolution research. Resistance to the parasite is highly specific, and many studies
have addressed aspects of its genetic architecture. The genetic model grew more complex as studies discovered new
resistance loci and mechanisms linking them. The present study provides a review of the genetic model of resistance
in the system, and further investigates the inheritance mode of two P. ramosa isolates in a focal host population under-
going strong epidemics. We find complex epistatic interactions among resistance loci and distinct dominance patterns.
This genetic model provides a powerful tool to further investigate the evolution of resistance in D. magna. We additio-
nally provide empirical support to the importance of epistasis in host—parasite coevolution.

Keywords genetic model of resistance, zooplankton, resistance, loci, genetic architecture, epistasis, dominance,
multi-locus genetics, Daphnia magna, Pasteuria ramosa
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Chapter 3

In the middle of the nineteenth century, Gregor Mendel performed crossing
experiments in pea plants and described how traits were inherited, seeding
the yet-to-come field of genetics (Mendel 1865). In the era of genomics,
the genetic architecture of a trait can be investigated through genomic as-
sociation studies (Magwire et al. 2012), but genetic crosses still provide a
powerful functional validation when combined with genomic data to un-
derstand the mode of inheritance of a given trait (Bangham et al. 2008).

In the context of host-parasite coevolution, understanding the genetic ar-
chitecture of resistance and infectivity is crucial to test theories about the
evolution of resistance and infectivity. Dynamics of allele frequencies are
an essential part of the host-parasite coevolution theory and can be moni-
tored in systems where coevolving genes are known. The Red Queen theory
for the maintenance of sex predicts that resistance and infectivity alleles
should be maintained at intermediate frequencies through the advantage
of rare alleles, i.e. negative indirect frequency-dependent selection (Hamil-
ton 1980; Hamilton et al. 1990; Lively 2010). Theoretical models propose
diverse genetic models of infection, such as the gene-for-gene model and
the matching-allele model (Agrawal and Lively 2002; Thrall et al. 2016).
These models make assumptions about the number of genes involved,
their dominance patterns and whether they are linked with epistatic inter-
actions. For instance, in the Red Queen theory, epistasis among resistance
loci is crucial for the maintenance of genetic diversity and recombination
in the host (Howard and Lively 1998; Salathé et al. 2008; Engelstadter and
Bonhoeffer 2009; Kouyos et al. 2009).

In a few plant and animal systems, the genetic architecture of resistance
to specific parasites has been addressed (Bangham et al. 2008; Wilfert and
Schmid-Hempel 2008; Magwire et al. 2012; Routtu and Ebert 2015; Cao
et al. 2016; Cogni et al. 2016; Magalhdes and Sucena 2016; Metzger et al.
2016; Lietal. 2017). Typically, few strong effect loci with patterns of domi-
nance, and linked with epistasis are found (Hooker and Saxena 1971; Sam-
son et al. 1996; Kover and Caicedo 2001; Wilfert and Schmid-Hempel 2008;
Jones et al. 2014; Juneja et al. 2015; Li et al. 2017; Xiao et al. 2017).

In the Daphnia magna-Pasteuria ramosa host-parasite system, infections
are highly specific and generate a high fitness cost in the host, making this
system ideal to study the evolution of resistance (Ebert 2005). Additionally,
resistance phenotype in the host can be easily scored (Duneau et al. 2011)
and genetic crosses among host genotypes can be performed (Luijckx et al.
2012), which allows to investigate the genetic architecture of resistance.
The genomic regions determining resistance to different P ramosa isolates
and associated genetic models were described using quantitative trait loci
(QTL) approaches (Routtu and Ebert 2015; Bento et al. 2020; Fredericksen
et al. in prep), genome-wide association studies (GWAS) (Bourgeois et al.
2017; Chapter 1, Ameline et al. 2021) and genetic crosses (Luijckx et al.
2011; Luijckx et al. 2012; Luijckx et al. 2013; Metzger et al. 2016; Chapter 1,
Ameline et al. 2021). As more combinations of host and parasite genotypes
are being studied, the complexity of the genetic model for resistance has
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increased. In the present study, we provide a review of the genetic model
of resistance in the system. We further investigate the mode of inheritance
to two P. ramosa isolates, P15 and P21, using host clones from a focal pop-
ulation undergoing strong epidemics, the Aegelsee population, where in-
teractions with these two isolates is thought to play a role in the dynamics
of resistance (Chapter 2, Ameline et al. preprint). The genomic regions de-
termining resistance to P15 and P21 have been described, but their mode
of inheritance remains to be investigated (Bento et al. 2020; Fredericksen
et al. in prep). The way they interact with the previously described resis-
tance loci is unknown. We combine genetic crosses in the host and genomic
PoolSeq association study to describe the epistatic interactions linking dif-
ferent resistance loci. However, the rare variation for resistance to P15 and
P21 observed in our study population impede us to provide strong support
to these interactions. Further studies are needed to confirm these interac-
tions in other host populations where more diversity at the loci of interest
is observed.

The resistotype

In the Daphnia magna-Pasteuria ramosa host-parasite system, suscepti-
bility (S) or resistance (R) to the parasite is mainly determined at the at-
tachment step, when the bacterial spores attach or not, respectively to the
host gut wall. The resistance phenotype, a.k.a. resistotype, corresponds to
the attachment phenotype of a P ramosa isolate in a given D. magna geno-
type. The here-used full resistotype depicts the host genotype attachment
reaction to five well characterized bacterial isolates (Luijckx et al. 2011;
Chapter 1, Ameline et al. 2021; Bento et al. 2020; Chapter 2, Ameline et al.
preprint) in the following order: C1, C19, P15, P20 and P21. A host geno-
type with a RRRRR resistotype shows no attachment to any of the bacteri-
al isolates, while a SSSSS host genotype allows attachment of all bacterial
isolates. If isolates are not considered or tested, we use the placeholder “_”,
e.g. “RR_R_ resistotype”.

Host and parasite material

Bacterial isolates come from infected D. magna or sediment collected at dif-
ferent geographical locations. Isolates P20 and P21 come from the Aegelsee
population and are believed to play a role in the epidemics (Chapters 1 &
2). Isolate P15 was collected in a Belgian D. magna population (Bento et al.
2020) and may also play a role in the epidemics of the Aegelsee population
(Chapter 2). The inheritance mode of the P20 resistotype has been inves-
tigated in Chapter 1, and the present chapter investigates the inheritance
mode of resistance to the P15 and P21 P. ramosa isolates.

Genetic crosses

To investigate the mode of inheritance of resistance to P ramosa P15 and
P21 isolates in the Aegelsee Daphnia magna population, we produced
groups of F1 offspring by selfing parent clones. Here we consider F1 groups
that showed segregation at the P15 and P21 resistotypes. Inbred F1 off-
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spring groups were used in Chapter 1, where we considered resistance to
C1, C19 and P20. In the present chapter, we consider resistance to P15 and
P21 P ramosa isolates. The parent clones used to produce the F1 groups
derived from the Aegelsee study population. We selfed one to four D. magna
clones of the three common resistotypes (RRSRS, RRSSS and SSSSS) and
four clones of two rare resistotypes (RRRRR and SRSSS), following the pro-
tocol from (Luijckx et al. 2012). Hatching of selfed offspring is not always
successful, resulting in uneven sample sizes. We obtained from 19 to 89
selfed F1 offspring from the 24 parent clones (Supplementary Table S3.1).
Their resistotypes were assessed with the attachment test, as described in
Chapter 2 (Ameline et al. preprint).

PoolSeq association study

From the 24 inbred F1 groups produced, two groups that showed segre-
gation for the P21 resistotype were used for a genome-wide F analysis.
We categorized the F1 from these two groups into those that were P21
susceptible and those that were P21 resistant. Host clones from these two
categories were sequenced as a pool (pool sequencing, or PoolSeq) (Schlot-
terer et al. 2014). By contrasting the whole genome data of the two pools of
each category we expected that loci responsible for the difference between
P21-susceptible and P21-resistant would show up with an elevated F val-
ue.

Resistotype pools contained seven to 25 host genotypes, and one to ten
individuals per genotype of approximately the same size were used. The
animals went through a three-day antibiotic and gut-cleaning treatment to
remove as much as possible alien DNA. We transferred the animals each
day in a fresh antibiotics cocktail (50 g.mL™? of Streptomycin, Tetracycline,
and Ampicillin) and fed them with small dextran beads as described in
(http://evolution.unibas.ch/ebert/lab/daphnia_dna.htm). After the antibi-
otic treatment, genotypes within resistotype categories were pooled, using
five individuals. For each pool, we extracted whole-genome DNA using a
QIAGEN Blood and Tissue Kkit.

DNA was sequenced on an [llumina HiSeq2000, with no amplification step.
Raw reads were trimmed using Trimmomatic v. 0.39 (Bolger et al. 2014).
Quality of trimmed reads was checked using FastQC v. 0.11.9 (Andrews
2010). Trimmed reads were mapped to the D. magna reference genome v.
3.0 (Fields et al. in prep) using BWA MEM v. 0.7.17 (Li and Durbin 2009; Li
2013). We used SAMtools v. 1.10 for data manipulation, filtering and con-
version (Li et al. 2009; Li 2011). Picard v. 2.22.8 was run to mark and re-
move duplicated reads (Broad Institute 2020). Reads with quality lower
than 20 were discarded. Coverage along the genome was calculated using
BEDTools v. 2.29.2 (Quinlan and Hall 2010) (Supplementary Fig. S3.1). We
ran the Popoolation2 v. 1.201 pipeline (Kofler et al. 2011) to calculate SNP
allele frequency difference and F value between pools. F was calculated
with a sliding-window approach using 500 bp windows. Graphs were pro-
duced using R v. 3.6.2 (R Core Team 2021) and packages ggplot2 v. 3.3.0
(Wickham 2016) and cowplot v. 1.0.0 (Wilke 2019).
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Genetic model and resistance diversity

The genetic architecture of resistance to Pasteuria ramosa in Daphnia ma-
gna has been investigated using different approaches and a growing num-
ber of parasite isolates (Supplementary Table S3.2 and Figs. S3.2 to S3.8).
Variation at the C1 and C19 resistotypes (resistance phenotypes) is deter-
mined in the Aegelsee D. magna population by variation at the B and C loci
(Chapter 1, Ameline et al. 2021) (Metzger et al. 2016). Variation at the P20
resistotype is determined by variation at the C and E loci (Chapter 1, Ame-
line et al. 2021). Variation at the D and the C loci determines resistance to
the P15 P ramosaisolate (Bento etal. 2020). Using a QTL analysis, resistance
to P21 was found to be dominant, and a novel genomic region determining
resistance, the F locus, was found close to the C locus (Fredericksen et al. in
prep). These studies result in a preliminary model of resistance including
resistance variation at the five P ramosa isolates (Fig. 3.1A). In this model
we consider variation at the D and the F loci independently of variation at
the other loci, i.e. without epistatic interaction linking these two loci to the
others. However, previous work suggested there might be epistatic interac-
tions among the C, D and F loci, although the nature of these interactions
has yet to be resolved (Bento et al. 2020; Fredericksen et al. in prep). In the
following, we investigate such potential epistatic relationships linking the
C, D and the F loci using selfed F1 groups showing variation at the P15 and
P21 resistotypes. We build up our hypothesis from our preliminary model
(Fig. 3.1A).

In the Aegelsee D. magna population, variation at the resistotype (resis-
tance phenotype) is mainly observed at the C1, C19 and P20 resistotypes
and is determined by variation at the C and the E loci (Chapter 1, Ameline
etal. 2021).

Here we consider data from 2016 to 2018, when the P15 and P21 P ramosa
isolates were additionally tested. We observed that the P15 and P21 res-
istotypes were mostly “S”, as RRSRS, RRSSS and SSSSS (light blue, orange
and light orange, respectively in Fig. 3.1A) making up for 80.8+2.3% of the
host population across the planktonic phase of three consecutive years. At
the time of the peak of the epidemics, we observed a drastic change in res-
istotype proportions, and resistance to P15 and P21 appeared (Chapter 2,
Fig. 2.1A). Until the peak of the epidemic, the three common resistotypes
RRSRS, RRSSS and SSSSS made up for 95.7+1.4% of the host population. In
late summer, after the peak of the epidemic, the most resistant resistotypes
RRRRR (medium blue), RRRRS (dark blue), RRSRS (light blue) and RRSRR
(bright blue in Fig. 1A) represented 92.3+2.0% of the population (Chapter
2, Fig. 2.1A). Using genetic crossings and the genetic model of resistance,
we inferred in the previous chapters that the “bbDD” genotype was almost
fixed in the Aegelsee D. magna population (Chapters 1 and 2). Considering
that the P21 resistotype is mostly “S”, we suppose the “bbDDff” genotype is
mostly fixed in the population (see Fig. 3.1A).
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Figure 3.1
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Genetic model of resistance to Pasteuria ramosa in the Daphnia magna Aegelsee population. Grey boxes in the left panel represent resistance loci and are linked
with a black line when they are sitting on the same linkage group. Capital letters represent dominant alleles, and arrows represent epistatic interactions. The five-let-
ter string in the right panel represents resistotypes, i.e. resistance phenotypes to the five P. ramosa isolates tested for attachment. A: Without interaction among the
C, D and F loci. This preliminary model was used to investigate potential interactions, described in B. B: With interactions among the C, D and F loci described in
the present study. The interactions including the C and the c alleles are described in Eq. 3.1 and 3.2, respectively
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Genetic crossings

We selfed 24 clones from the Aegelsee population and raised their F1 off-
spring. Out of the 24 inbred F1 groups created we obtained:

# Category of inbred group

19 groups where P15 and P21 resistotypes did not segregate (Tables 3.1 and 3.2). Resullts for each selfed F1 group are given in Supplementary
Tables S3.3 to S3.14.

1 group where P15 and P21 resistotypes segregated and were perfectly coupled, i.e. both resistotypes are “S” or both resistotypes are “R": parent

2 clone t2_17.3_4 (Table 3.3)

3 1 group with independent segregation of resistance to P15 and P21. We used these F1 group in a PoolSeq association analysis: parent clone
MS_2016_b_70 (Group PoolSeq 1: Tables 3.4 and 3.5, Fig. 3.2)

4 1 group with P21 resistotype segregation and no P15 resistotype segregation. We used this F1 group for a second PoolSeq association analysis:

parent clone CH-H-2015-86 (Group PoolSeq 2: Tables 3.6 and 3.7, Fig. 3.3)

5 1 group with rare P15 resistotype variation, and no P21 resistotype segregation: parent clone CH-H-2015-16 (Table 3.8)

6 1 group with rare segregation at the P21 resistotype, and no segregation at the P15 resistotype: parent clone t1_10.3_2 (Table 3.9).
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Table 3.1

Genetic crosses of resistance phenotypes (resistotypes) from the Aegelsee Daphnia magna population. Parent clones presenting the common variation at the C
and E loci. Results for each selfed F1 offspring group are given in Supplementary Tables S3.3 to S3.11 and S3.14.
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CCODEE RRSSS CCODEE RRSSS 1 1 1 NA
n=289 n=31 n=79 _ -
CCODEe RRSSS CCODE- RRSSS 0,75 0,79 074 0,84 X 'Ofgégﬁ K
ccovee  RRSRS 0,25 0,21 0,26 0,16 =
n=39
CChbee RRSRS CChbee RRSRS 1 1 NA
n=19 Fisher test on counts
CcDDEE RRSSS C-DDEE RRSSS 0,75 0,74 =1
ccovEEr  SSSSS 0,25 026 P
n=48 n=64 n=65
CchbEe RRSSS C-DDE- RRSSS 0,56 0,48 0,64 0,52 M?=1.9, df=2,
ccDD-- SSSSS 0,25 0,29 0,14 0,22 p=0.39
C-Dbee RRSRS 0,19 0,23 0,22 0,26
n=236 n=49 n=22 _
cooneet  RRSRS c-oveet  RRSRS 0,75 0,75 0,80 0,64 d)ﬁ o
ccoveefi  SSSSS 0,25 0,25 0,20 0,36 = P2
n=87
ccDDEE SSSSS CcDDEE SSSSS 1 1 NA
n=284 n=65
cchDEe SSSSS CCDDE- SSSSS 1 1 1 NA
n=74
ccDDee SSSSS ccDDee SSSSS 1 1 NA

A: Punnett square for all possible gamete combinations according to our genetic model of resistance inheritance (Fig. 3.1A). The table shows the resistotypes
(grouped by background colour) resulting from the 16 combinations of gametes from a double heterozygote for the C and the E loci. The bottom right cell (P20
resistotype in red font) represents individuals in the offspring where the epistatic interaction between the C and the E loci is revealed (Fig. 3.1A). B: Results from
selfing of D. magna clones. Resistotypes of FO parents and F1 offspring groups were obtained using the attachment test and resistance genotypes of F0 parents at
the C and E loci were inferred from their resistotypes and the segregation patterns of resistotypes in their F1 offspring. Expected resistotype proportions within F1
groups were calculated following the genetic model presented in the Punnett square. The detailed results and statistical analyses for each cross are presented in
Supplementary Tables S3.3 to S3.14. Statistical tests were run on counts, but we present here segregation of offspring as proportions. One to three crosses using
distinct parent clonal lines (repeats a to ¢) were conducted for each FO parent resistance genotype at the C and E loci. No variation at the B locus was observed
(all FO parents are inferred to have the “bb” genotype according to F1 resistotype segregation).

1. The “bbDDff’ genotype is almost fixed in the Aegelsee population

Most of our selfed F1 groups, 19 out of 24, presented no variation at the
P15 and P21 resistotypes. Most of the segregation we observed was at the
C1, C19 and P20 resistotypes. This segregation is mostly determined by
variation at the C and E loci, and rarely by variation at the B locus, as de-
scribed in Chapter 1. This confirms the result previously inferred from ob-
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Table 3.2

Genetic crosses of resistance phenotypes (resistotypes) from the Aegelsee Daphnia magna population. The B and the E loci present variation, the C locus is fixed
for genotype “cc”. Results for each selfed F1 offspring group are given in Supplementary Tables S3.12 to S3.14.

A
aBcDETF aBchef abcDET abchef
- -Bb- ' 'Ee:
aBcDET
aBchef
abcDET SSSSS
abchef SRSRS SSSSS SSSSS
B FO parent F1 offspring
4 b= Proportion
> @ 2> @ -
2 = 2 = 8 £
S ks S s 5 3
kS % ® § Expected Observed o) §
& © & o -
E =
n=37
22BbccDDEET - aaB-ccDDEEff - 0,75 0,76
aabbccDDEER SSSSS 0,25 0,22 p=1
aaB-ccDDeeff SRSRS 0,00 0,03
n=238
22BbccDDEef! - aaB-ccDDE-ff - 0,56 0,55
aabbccDDE- 1 SSSSS 0,25 0,32 p=0.58
aaB-cchbeef SRSRS 0,19 0,13

A: Punnett square for all possible gamete combinations according to our genetic model of resistance inheritance (Fig. 3.1A). The table shows the resistotypes
(grouped by background colour) resulting from the 16 combinations of gametes from a double heterozygote for the B and the E loci. The bottom right cell (P20
resistotype in red font) represents individuals in the offspring where the epistatic interaction between the B and the C, and the E loci is revealed (Fig. 3.1A). B:
Results from selfing of D. magna clones. Resistotypes of FO parents and F1 offspring were obtained using the attachment test and resistance genotypes of FO par-
ents at the B, C and E loci were inferred from their resistotypes and the segregation patterns of resistotypes in their F1 offspring. Expected resistotype proportions
of F1 were calculated following the genetic model as outlined in the Punnett square. The detailed results and statistical analyses for each cross are presented in
Supplementary Tables S3 to S14. Statistical tests were run on counts, but we present here segregation of offspring as proportions.

served resistotypes proportions, namely that at the B, D and F loci the b, D,
and f alleles are nearly fixed, resulting in the multi-locus genotype “bbDDff”
in the study population (Tables 3.1 and 3.2).

2. Variation at the P15 and P21 resistotypes is linked

In one of our selfed F1 group, we observed coupled segregation at the P15
and P21 resistotypes, meaning both resistotypes were “R”, or both were
“S”. In this group, if we consider variation at the C, D and E loci, the genetic
model predict well segregation in the F1 selfed offspring, although we ob-
serve much less SSSSS than expected (Table 3.3). We infer that the geno-
type at the F locus might be “ff” because most offspring are P21 susceptible.
However, because variation at the P15 and P21 resistotypes is coupled, we
cannot infer the genotype at the F locus with certainty. Additionally, this
group presents variation at the C and E loci, so we cannot infer a simple
epistatic interaction that would explain the observed segregation pattern.
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Selfed genotype aabbCcDdEeff. FO parent: t2_17.3_4. This selfed F1 group shows coupled segregation for the P15 and P21 resistotypes. The C, D and the E loci
present variation, the B locus is fixed for genotype “bb” and we suggest the genotype at the F locus might be “ff".

A RRSSS

CDE CDe cDE cDe CdE Cde cdE cde
CcDdEe
CDE RRSSS  RRSSS  RRSSS  RRSSS  RRSSS  RRSSS  RRSSS  RRSSS
CDe RRSSS RRSRS RRSSS RRSRS RRSSS RRSRS RRSSS RRSRS
cDE RRSSS  RRSSS  SSSSS  SSSSS  RRSSS  RRSSS  SSSSS  SSSSS
cDe RRSSS  RRSRS  SSSSS  SSSSS ~ RRSSS  RRSRS  SSSSS  SSSSS
CdE RRSSS  RRSSS  RRSSS  RRSSS
Cde RRSSS RRSRS RRSSS RRSRS
cdE RRSSS RRSSS SSSSS SSSSS
cde RRSSS  RRSRS  SSSSS  SSSSS
B FO parent F1 offspring
§: ° § ° Proportion
g g g g Expected Observed f;_ g
n=234
CcDdEe RRSSS C-DDE- RRSSS 0,42 0,44
ccop--i 99555 0,19 0,03
C-DDee RRSRS 0,14 0,26
C-dde- - 0,14 0,12 p=042
ccdd--7 | SSRSR 0,06 0,06

C-ddee - 0,05 0,09

A: Punnett square for all possible gamete combinations according to our genetic model of resistance inheritance (Fig. 3.1A). The table shows the resistotypes
(grouped by background colour) resulting from the 64 combinations of gametes from a triple heterozygote for the C, D and E loci. Alleles at loci where the genotype
does not vary are written in grey. The P20 resistotype in red font represents individuals in the offspring where the epistatic interaction between the B and the C,
and the E loci is revealed (Fig. 3.1A). The P21 resistotype is written in bold in case where the phenotype does not match the underlying genotype. B: Results from
selfing of the D. magna t2_17.3_4 clone compared to expectations from the Punnett square. Resistotypes of the FO parent and F1 offspring were obtained using
the attachment test and the resistance genotype of the FO parent was inferred from its resistotype and the segregation pattern of resistotypes in its F1 offspring.
Expected resistotype proportions of F1 were calculated following the genetic model as outlined in the Punnett square. Statistical test was run on counts, but we
present here segregation of offspring as proportions.

68

3. Epistatic interaction #1 among the C, D and F loci

In one of our selfed F1 group, we observed uncoupled variation at the P15
and P21 resistotypes, meaning that all four combinations were observed
(LS S _ .S R _, R Sand_, R R).Fromthe observed resistotype segre-
gation in the F1 offspring (Table 3.4), we inferred that this parent FO clone
presented a fixed genotype at the B, C and E loci (“bbCCee”) and was het-
erozygous at the D and F loci (Table 3.5A and B). However, this inferred
parent genotype produces a segregation in the F1 that fits qualitatively the
expected one, but not qualitatively. This means that we observe the expect-
ed resistotype combinations, but not in the expected proportions (Table
3.5B). Additionally, the parent clone has a “RRRRR” resistotype whereas
the inferred genotype would produce a “RRSRR” resistotype. There may
thus exist epistatic interactions that explain this result and that would al-
low us to get a better fit between expected and observed resistotype segre-
gation in the selfed F1 offspring.



Chapter 3

FO parent F1 offspring Table 3.4
Resistotype n=79 100% n(PoolSeq) Genetic crossing in the Daphnia magna Aegelsee population. Resistotype seg-
2 30% 19 regation in the selfed F1 offspring and sampling for the PoolSeq association
RRSRS 32 1% analysis. Selfed FO parent: CH-H-2016-b-70. This selfed F1 group presented
? decoupled segregation at the P15 and P21 resistotypes. The PoolSeq analysis
s 20 25% 20 aimed to investigate segregation at the P21 resistotype. This segregation is
RRSRR highlighted in white font, and the sample size of the PoolSeq corresponds to
3 4% the number of clones pooled for subsequent sequencing within both resistotype

groups.

Table 3.5

Genetic crossing in the Aegelsee Daphnia magna population. Selfed genotype bbCCDdeeFf. FO parent: CH-H-2016-b-70. This selfed F1 offspring group shows
decoupled segregation for the P15 and P21 resistotypes. PoolSeq association study shows evidence for segregation at the D locus. The D and F loci present
variation, the B, C and the E loci are fixed for the “bbCCee” genotype.

A RRSRR
Dd Ef DeF Def deF def
DeF S R S' R SRR S R
Def SRR SRS SRR SRS
deF S R SRR RRR RRIR
def SRR SkS RR:R RR:R
B F0 parent F1 offspring
_— § _— § Proportion 7 2
2 3 Es & 58
£ 5 é £5 § Expected Observed g g
4 @
n=79
DdecFf RRSRR D-cof- RRSRR 0,56 0,04
D-ceff RRSRS 0,19 0,42
ddcF- 019 0,30 p <0.0001
ddecff - 0,06 0,24
c
aabbCCirslee
DeF
Def
deF
def
D F0 parent F1 offspring
g g § - g % Proportion E 2
s 2 S s 2 S ]
‘°°=-’ % ‘% "2 % ‘é Expected Observed % §
- o & - O &’ . ©

Dd Ff_ Dd F-_ 0,38 0,30

oo.r.  RRSRS 0,38 042
p=0.34
ddeeF-
o 0,25 0,24
p-ccf-  RRSRR 0,00 0,04

A and B: segregation without epistatic interaction. A: Punnett square for all possible gamete combinations according to our genetic model of resistance inheri-
tance (Fig. 3.1A). The table shows the resistotypes (grouped by background colour) resulting from the 16 combinations of gametes from a double heterozygote for
the D and F loci. Alleles at homozygous loci are written in grey. B: Results from selfing of the D. magna CH-H-2016-b-70 clone compared to expectations from the
Punnett square. Resistotypes of the FO parent and F1 offspring were obtained using the attachment test and the resistance genotype of the FO parent was inferred
from its resistotype and the segregation pattern of resistotypes in its F1 offspring. Expected resistotype proportions of F1 were calculated following the genetic
model as outlined in the Punnett square. Statistical test was run on counts, but we present here segregation of offspring as proportions. C and D: segregation with
epistatic interaction. C: Same as A, with added epistatic interactions that give a better fit between expected and observed resistotype segregation. Additionally,
the presented epistatic interactions fit the PoolSeq analysis result that RRRRR (“dd” genotype) and RRRRS (“D-" genotype) F1 offspring clones present variation
at the D locus. Resistotypes where an epistatic interaction is revealed are written in red font. D: Same as B, considering the epistatic interactions proposed in C.
These epistatic interactions are described in Fig. 3.1B.
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Figure 3.2

PoolSeq association for the selfed F1 offspring group from the MS_2016_b_70 parent Daphnia magna clone. The parent clone presents the RRRRR resistance
phenotype (resistotype). The two pools present the RRRRR (n = 19) and RRRRS (n = 20) resistotypes. A: Genome-wide SNP-specific F; value, the x-axis
represents single nucleotide polymorphisms (SNPs). B: SNP-specific F; value mapped on SNP position on scaffold 18 of the D. magna reference genome v. 3.0
(Fields et al. in prep). The D-locus position (falcon_000018F:1698391-1852181) is indicated with the red dotted lines.

To get a second line of evidence for potential epistatic interactions affecting
the P15 and P21 resistotypes, we performed a PoolSeq association analysis
between two resistotype groups. As this analysis was initially intended to
investigate variation solely at the P21 resistotype, we compared pools of F1
clones within the selfed F1 group that presented variation only at the P21
resistotype. We compared clones with the RRRRR resistotype and clones
with the RRRRS resistotype (Table 3.4), and found an F peak on scaffold
18 (Fig. 3.2), where the D locus has been described (Bento et al. 2020). We
did not find SNPs associated to the P21 resistotype in the genomic regions
that we know determine resistance to the C1, C19 and P20 P. ramosa iso-
lates (the ABC cluster and the E locus) (Bento et al. 2017; Chapter 1, Ame-
line et al. 2021). As variation at the P21 resistotype has been found to be
determined by the F locus, standing next to the ABC cluster, we expected
to pinpoint this region when confronting pools of clones with the RRRRR
vs. RRRRS resistotypes. Rather, our result detected variation at the D locus
between the two groups, showing that there may be epistatic interactions
between the D and the F loci (and potentially the other resistance loci) in-
fluencing the P21 resistotype.

We thus intended to describe epistatic interactions that could explain these
two results: (i) the observed resistotype segregation in the selfed F1 group
and (ii) variation at the D locus between the RRRRR and the RRRRS resisto-
types. We considered the Punnet square of the double heterozygote at the
D and F loci (Table 3.5A) and modified resistotypes to obtain an expected
resistotype segregation that would fit the observed one (Table 3.5C and D).
To fit the PoolSeq association result, this segregation expectation should
additionally have one of the RRRRR and RRRRS groups homozygous at the
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D locus. Alternatively, one could be homozygous recessive and the other
one dominant.

We find that variation at the D locus could explain the observed pattern, in-
dependently from variation at the F locus. Namely, a “DD” genotype would
induce susceptibility to P21, a “Dd” genotype would induce resistance to
P15 and a “dd” genotype would induce susceptibility to P21, regardless of
the genotype at the F locus (Table 3.5C and D). We still find about 1/16
of RRSRR (bright blue), that are not expected, less RRRRR (medium blue)
than expected and less RRSRS (light blue) than expected in the observed
selfed F1 offspring. This could be explained by one of these interactions be-
ing quantitative, namely, the “Dd” genotype would not always induce sus-
ceptibility to P15 (Table 3.5C and D).

In the next example, we also infer a double heterozygote at the D and the
F loci, but with a different genetic background. Namely, the present selfed
F1 group has the “CC” genotype whereas the next F1 group has the “cc”
genotype. As the epistatic interactions we deduce from both F1 groups are
incompatible if we consider only the D and the F loci, we additionally con-
sider the C locus as playing a role in these interactions. In summary, we
obtain for the present F1 group the epistatic interactions presented in Eq.
3.1. Arrows represent epistatic interactions; a dashed arrow represents a
quantitative epistatic interaction. We apply these interactions to our genet-
ic model in Fig. 3.1B.

C-DD - P21 S

c-Dd -» P15 R (Eq.3.1)
C-dd > P21 S

4, Epistatic interaction #2 among the C, D and F loci

In one of our selfed F1 group, we observed variation at the P21 resistotype,
but not at the P15 resistotype, as these two combinations were observed:
_.S_Sand__S_R.The parent FO clone is SSSSS, and its selfed F1 offspring
isSS__ _ (Table 3.6), thus the parent presents a fixed genotype at the B and
C loci (“bbcc”). An epistatic interaction between the B, C and the E loci in-
duces susceptibility to P20 when the “bbcc” genotype is present, regardless
of the genotype at the E locus (Fig. 3.1A, Chapter 1, Ameline et al. 2021). We
could thus not infer the genotype at the E locus from phenotypic data. How-
ever, these F1 groups were scored for their genotype at the C and E loci us-
ing genetic markers (Chapter 1, Ameline et al. 2021). This scoring revealed
that this selfed F1 group was homozygous recessive at the E locus (“ee”

FO parent F1 offspring Table 3.6

Resistotype n=35 100% n(PoolSeq) Genetic crossing in the Daphnia magna Aegelsee population. Resistotype seg-

SSSSS S 27 7% 25

regation in the selfed F1 offspring and sampling for the PoolSeq association
analysis. Selfed FO parent: CH-H-2015-86. This selfed F1 group presented

8 23% U segregation at the P21 resistotype, decoupled from the P15 resistotype. The
PoolSeq analysis aimed to investigate segregation at the P21 resistotype. This
segregation is highlighted in black font, and the sample size of the PoolSeq
corresponds to the number of clones pooled for subsequent sequencing within

both resistotype groups.
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Table 3.7

Genetic crossing in the Aegelsee Daphnia magna population. FO parent: CH-H-2015-86. This selfed F1 offspring group shows segregation for the P21 resistotype,
but not for the P15 resistotype. PoolSeq association study shows evidence for segregation at the D-locus. The B, C and the E loci are fixed for the “bbccee”
genotype.

A SSSSS
Ff F f
F S S
B F0 parent F1 offspring
_— g - 8 g Proportion % o
£ = 5 g = 3 £
E % @ "E % 7 Expected Observed % e
® & > & L 5
n=235
Ff SSSSS E- SSSSS 0,75 0,77
7 SSSSR 0,25 023 p=1
c SSSSR
Dd- - Ff DeF Def deF def
DeF S°R S°R S°R S°R
Def S°R SSS S°R SSS
deF S°R S°R R R R R
def SR SSS R R SSiiS
D F0 parent F1 offspring
_— ‘é - 8 § Proportion 52
e = S g = s T3
g g, § "E %_‘ é Expected Observed uﬁ; g
o 12
n=235
D-ceF- SSSSR D-cof- SSSSR 0,56 0,23
D-coff SSSSS 0,19 0,77
ddecff SSRSR 019 0,00 p <0.0001
ddeeff _ 0,06 0,00
E SSSSS
Dd--Ff DeF Def deF def
DeF SSS SSS SSS SSS
Def SSS SSS SSS SSS
deF SSS SSS SSR SSR
def SSS SSS SSR SRS
F FO parent F1 offspring
Proporti _
. § % - % % roportion % g
£ 2 2 £ 2 ko Expected Observed % §
© é = &') - ©
n=35
DdecFf SSSS5 D-coF- SSSSS
p-coff  SSSSS 0,75 077
ddecF- SSSSR 0,19 023 p= 0.62

as-- [ SSRESHN 0,06 0,00

Aand B: resistance is recessive at the F locus, variation only at the F locus, no epistatic interaction. A: Punnett square for all possible gamete combinations
according to our genetic model of resistance inheritance (Fig. 3.1A). The table shows the resistotypes (grouped by background colour) resulting from the four com-
binations of gametes from a heterozygote at the F locus. Alleles at homozygous loci are written in grey. B: Results from selfing of the D. magna CH-H-2015-86 clone
compared to expectations from the Punnett square. Resistotypes of the FO parent and F1 offspring were obtained using the attachment test and the resistance
genotype of the FO parent was inferred from its resistotype and the segregation pattern of resistotypes in its F1 offspring. Expected resistotype proportions of F1
were calculated following the genetic model as outlined in the Punnett square. Statistical test was run on counts, but we present here segregation of offspring as
proportions. C to F: variation at the D and F loci. C and D: segregation without epistatic interaction. C: Same as A, the table shows the resistotypes resulting
from the 16 combinations of gametes from a double heterozygote at the D and F loci. D: Same as B, considering the Punnett square in C. E and F: segregation
with epistatic interaction. E: Same as C, with added epistatic interactions that give a better fit between expected and observed resistotype segregation. Addi-
tionally, the presented epistatic interactions fit the PoolSeq analysis result that SSSSR (“dd” genotype) and SSSSS (“D-" genotype) F1 offspring clones present
variation at the D locus. Resistotypes where an epistatic interaction is revealed are written in red font. F: Same as D, considering the epistatic interactions proposed
in E. These epistatic interactions are described in Fig. 3.1B
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Figure 3.3

PoolSeq association for the F1 inbred offspring group from the CH-H-2015-86 parent Daphnia magna clone. The parent clone presents the SSSSS resistance
phenotype (resistotype). The two pools present the SSSSS (n = 25) and SSSSR (n = 7) resistotypes. A: Genome-wide SNP-specific F; value, the x-axis represents
single nucleotide polymorphisms (SNPs). B: SNP-specific F; value mapped on SNP position on scaffold 18 of the D. magna reference genome v. 3.0 (Fields et al.
in prep). The D-locus position (falcon_000018F:1698391-1852181) is indicated with the red dotted lines.

In the present selfed F1 group, we observed a roughly 34 P21-susceptible:
Y4 P21-resistant segregation. This suggested that resistance could be reces-
sive at the F locus (Table 3.7A and B), although the opposite was found in
the previous study using a QTL analysis (Fredericksen et al. in prep). How-
ever, similarly to the previous F1 group, we performed a PoolSeq analysis
opposing SSSSS and SSSSR, and found that the genomic region responsi-
ble for this variation at the P21 resistotype was not the F locus, but the D
locus (Fig. 3.3), revealing that the genotype at the D locus was varying in
the offspring. As this could not be explained in a scenario where resistance
would be recessive at the F locus, we considered resistance dominant at
the F locus.

The expected resistotype segregation from selfing of a double heterozy-
gote at the D and the F loci, with the “bbccee” genotype does not fit our
observed segregation, neither qualitatively nor quantitatively (Table 3.7C
and D). Additionally, the parent clone has a “SSSSS” resistotype whereas
the inferred genotype would produce a “SSSSR” resistotype. We thus in-
vestigated potential epistatic interactions that could explain the observed
resistotype segregation. Following the same reasoning as in the previous
F1 group, we considered the Punnett square of the selfing of the FO “bbccD-
deeFf” parent (Table 3.7C) and modified resistotypes to obtain an expected
resistotype segregation that would fit the observed one (Table 3.7E and F).
To fit the PoolSeq association result, this segregation expectation should
additionally have one of the SSSSS and SSSSR groups homozygous at the D
locus. Alternatively, one could be homozygous recessive and the other one
dominant.

73



74

Chapter 3

We find that variation at the D and the F loci could explain the observed
pattern. Namely, a “D-" genotype would induce susceptibility to P21, and a
“F-” genotype would induce susceptibility to P15 (Table 3.7E and F). These
interactions produce and expected segregation that fits much better the
observed one, however, we expect SSRSS in the offspring, which we do not
observe. This could be explained by one of these interactions being quanti-
tative, namely, the “F-” genotype would not always induce susceptibility to
P15 (Table 3.7E and F).

Like in the previous example, we consider here the genotype at the C locus
to take part in the proposed epistatic interaction. Indeed, we also infer a
double heterozygote at the D and the F loci, but with a different genetic
background at the C locus. Namely, the present selfed F1 group has the “cc”
genotype whereas the previous F1 group has the “CC” genotype. As the epi-
static interactions we deduce from both F1 groups are incompatible if we
consider only the D and the F loci, we additionally consider the C locus as
playing a role in these interactions. In summary, we obtain for the present
F1 group the epistatic interactions presented in Eq. 3.2. Arrows represent
epistatic interactions; a dashed arrow represents a quantitative epistatic
interaction. We apply these interactions to our genetic model in Fig. 3.1B.

ccD- - P21 S
ccF- -» P15 S

(Eq.3.2)

5. The C allele may confer some resistance to P15

In one of our selfed F1 group, we observed rare variation at the P15 resis-
totype, but no variation at the P21 resistotype. The FO parent and most of
the selfed F1 offspring were RRSRS. From the genetic model (Fig. 3.1A) we
inferred that the genotype in this group should be “bbCCDDeeff”. However,
we observed rare variation in the offspring as we got a few RRRRS individ-
uals (Table 3.8). In the QTL analysis investigating variation at the P15 resis-
totype, it was suggested that the C allele may induce quantitative resistance
to P15, regardless of the genotype at the D locus (Bento et al. 2020). This
could explain the pattern observed here, as the C allele is present in this F1
group and we observe unexpected resistance to P15. However, we did not
observe unexpected resistance to P15 in the F1 group presented in Table
3.5, where the same inferred genotype was present.

6. Rare segregation at the P21-resistotype

In one of our selfed F1 groups, we observed rare resistotype segregation
at the P21 resistotype, but not at the P15 resistotype. The FO parent and
most of the offspring were RRRRR. From the genetic model (Fig. 3.1A) we
inferred the genotype in this group to be “bbCCddeeFF”. However, we ob-
served one RRRRS individual in the offspring (Table 3.9). This result is con-
sistent with the epistatic interaction described in (Eq. 3.1) stating that a
“C-dd” would confer susceptibility to P21, although this interaction would
work very weakly in the present F1 group.
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Table 3.8

Genetic crossing in the Aegelsee Daphnia magna population. FO parent: CH-H-2015-16. This selfed F1 offspring group shows rare segregation at the P15 resisto-
type, but no segregation at the P21 resistotype.

A RRSRS Che
CCDDee
RRSRS
coe . RRRS
B F0 parent F1 offspring
. g . g Proportion o
°© - 3 2
g = g ® = g S5
D D
= 2 €5 2 Expected Observed 5 o
> & (=2} &-’ w o
n=70
CCObee RRSRS CCobee RRSRS 1 0,96
p=024
0 0,04

A: Punnett square for the unique possible gamete combination according to our genetic model of resistance inheritance (Fig. 3.1A). The table shows the res-
istotypes (grouped by background colour) resulting from the unique combination of gametes resulting from a homozygous parent, and from a possible epistatic
interaction. B: Results from selfing of the D. magna CH-H-2015-16 clone compared to expectations from the Punnett square. Resistotypes of the FO parent and
F1 offspring were obtained using the attachment test and the resistance genotype of the FO parent was inferred from its resistotype and the segregation pattern of
resistotypes in its F1 offspring. Expected resistotype proportions of F1 were calculated following the genetic model as outlined in the Punnett square. Statistical test
was run on counts, but we present here segregation of offspring as proportions.

Table 3.9

Genetic crossing in the Aegelsee Daphnia magna population. FO parent: t1_10.3_2. This selfed F1 offspring group shows rare segregation at the P21 resistotype,
but no segregation at the P15 resistotype.

A CdeF
aabb ee

B FO parent F1 offspring
o g ° 2 Proportion = v
€ §, ? ‘£ g ] Expected Observed E <
o o
n=42
ccdd FF- cCddecFF 1 0,98

A: Punnett square for the unique possible gamete combination according to our genetic model of resistance inheritance (Fig. 3.1A). The table shows the resisto-
types (grouped by background colour) resulting from the unique combination of gametes resulting from a homozygous parent, and from a possible epistatic inter-
action. B: Results from selfing of the D. magna t1_10.3_2 clone compared to expectations from the Punnett square. Resistotypes of the FO parent and F1 offspring
were obtained using the attachment test and the resistance genotype of the FO parent was inferred from its resistotype and the segregation pattern of resistotypes
in its F1 offspring. Expected resistotype proportions of F1 were calculated following the genetic model as outlined in the Punnett square. Statistical test was run on
counts, but we present here segregation of offspring as proportions.

In the present study we investigated the mode of inheritance of Pasteuria ramosa P15 and P21 resis-
totypes (resistance phenotypes) in the Aegelsee Daphnia magna population. These resistotypes are
susceptible in about 80% of the host population across the planktonic season. Variation at the P15
and P21 resistotypes is thus rare in the population, which makes it difficult to test hypotheses about
their mode of inheritance. Towards the end of the planktonic season, however, we observe variation

at these resistotypes, which we used to produce genetic crosses to investigate the mode of inheri-
tance of resistance to P15 and P21.
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We describe in this study genetic crosses and genomic associations from
which we infer possible epistatic interactions among the C, D and F loci
determining resistance to P15 and P21. Our results emphasize, along with
other studies on plants and animals (Kover and Caicedo 2001; Wilfert and
Schmid-Hempel 2008; Jones et al. 2014; Gonzalez et al. 2015; Metzger et al.
2016), the essential role of epistasis and dominance in shaping the genetic
architecture of resistance to parasites. Indeed, all the resistance loci de-
scribed in D. magna have been found to epistatically interact among one an-
other and to present dominance patterns. Multi-locus polymorphisms have
been shown to determine resistance to parasites (Sasaki 2000; Cerqueira
et al. 2017). To date, in the D. magna-P. ramosa system, a total of seven re-
sistance loci determining attachment of the parasite have been described
(Metzger et al. 2016; Bento et al. 2017; Gattis 2018; Chapter 1, Ameline et
al. 2021; Fredericksen et al. 2021), which is consistent with the theoretical
importance of multi-locus polymorphisms in a host-parasite coevolution
context (Tellier and Brown 2007).

We describe here epistatic interactions that display more complexity than
the previous ones described, as they consider variation at three different
loci and present quantitative effects (Fig. 3.1B). Although some of the epi-
static interactions described here seem weaker, strong epistasis is involved
in the genetic architecture of resistance in the system overall. Additionally,
a weaker epistatic interaction could be the result of interactions with other
loci that we do not consider.

To confirm the interactions described here among the C, D and F loci, we
further need to test all the possible allele combinations at these three loci.
Additionally, these interactions should be tested in different genetic back-
grounds at the other three resistance loci we know of, the A, B and E loci.
The A locus is fixed for the recessive allele in the Aegelsee population, we
thus do not know how it interacts with the other loci in this population. The
B allele is rare in the population, and we do not take it into account in the
described interactions. More variation is observed in other populations of
D. magna, where it can be used in further genetic crossings and genomic
association studies. The genetic model of resistance to C1, C19 and P20
was described using host clones coming from Finland, Germany and the
Aegelsee population (Metzger et al. 2016; Chapter 1, Ameline et al. 2021).
Previous work showed that this model was mostly consistent when using
a wide diversity of host clones coming from the whole geographic distri-
bution of D. magna (Gattis 2018). We thus suppose that the genetic model
described here should mostly hold in other D. magna populations, allowing
us to use these populations to investigate additional variation at the P15
and P21 resistotypes.

Looking at the resistotype abundances in the Aegelsee population, we ini-
tially inferred that the “DDff” genotype might be almost fixed. However, the
new epistatic interactions described here reveal that the genotype at the F
locus might not play an important role in the observed resistotype abun-
dances in the population, as it is mostly “hidden” by epistatic interactions
(Fig. 3.1B).
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This study provides insights into the inheritance mode of resistance in a
well-studied host-parasite system. We unveil strong and complex epistat-
ic interactions determining resistance in the host. Epistasis being central
in the Red Queen theory for the maintenance of genetic diversity and re-
combination in the host (Hamilton 1980; Hamilton et al. 1990; Howard and
Lively 1998; Salathé et al. 2008; Engelstadter and Bonhoeffer 2009; Kouyos
etal. 2009), we therefore provide empirical evidence to support theories in
the wider context of host-parasite coevolution and the maintenance of sex.
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ter Fields and Jelena Rakov for help in the laboratory. Sequencing for the
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New attachment sites and patterns of Pasteuria
ramosa spores on the cuticle of Daphnia magna
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This chapter is included in the publication:

FrepberickseN M, AMELINE C, Kress M, Hussy B, Fietbs PD, Anpras JP, Esert D. 2021. In-
fection phenotypes of a coevolving parasite are highly diverse, structured, and specific.
Evolution 75:2540-2554.

Abstract Infection by different genotypes of the endospore-forming bacteria Pasteuria ramosa in the crustacean Daph-
nia magna is highly specific to the host genotype. Consequently, this host-parasite system is intensively studied as a
model system in coevolution research. Infection by P. ramosa is determined by the attachment of bacterial spores to
the gut wall of the host. Hosts without attachment are resistant to the parasite. Resistance is scored in the laboratory
using the so-called attachment test, where fluorescently labelled spores are fed to the Daphnia and attachment is
observed under the microscope. Attachment tests have been so far conducted using a small number of P. ramosa
clones and isolates, revealing two sites in the host where attachment is observed, the foregut (= esophagus) and the
hindgut. Occasional observation of attachment to other parts of the host body prompted us to systematically look for
other possible attachment sites in the host. In this study we use novel P. ramosa isolates from different populations and
describe several previously unknown attachment sites in the host gut, postabdomen, and body appendages. These at-
tachment sites were observed consistently within host genotypes, although the intensity of attachment varies strongly,
making them more difficult to score than the previously described foregut and hindgut sites. Infection trials are needed
to confirm that these novel attachment sites can lead to infections. We recommend caution using the attachment test at
these new sites, as the observed variation suggests more stochasticity in the attachment process. Clearly, the infection
process in this host-parasite system is more diverse and complex than previously thought.

Keywords attachment test, bacterial spores, cuticle, gut, specificity
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Specificity in infection by parasites has strong implications in epidemiology
and ultimately host—parasite coevolution theory (Fortuna et al. 2019; Or-
lansky and Ben-Ami 2019). Indeed, when coupled with strong fitness costs,
high specificity has the potential to induce tight coevolution between a host
and its parasites (Martint et al. 2018). However, the degree of specificity
between a host and its parasites can be hard to detect because multi-geno-
typic parasite isolates are often used in experiments, or because epidemio-
logical and environmental factors are not controlled. Additionally, specific-
ity can result from epidemiological and geographical factors (Piecyk et al.
2019) or genotype-genotype interactions (Luijckx et al. 2011).

To characterize such specificity and include it in a host-parasite coevolu-
tion context, it is essential to possess reliable infection scoring in the lab-
oratory, such as infection trials or direct histological observations. Indeed,
in the case of genotype—genotype interactions, infection scoring allows to
investigate the genetic architecture of resistance and infectivity, i.e. finding
the coevolving genes and understanding how they interact (Magwire et al.
2012; Cogni et al. 2016; Zueva et al. 2018). Additionally, coevolutionary dy-
namics can be investigated (Decaestecker et al. 2007; Ford et al. 2017), and
population genomics studies can look for potential signatures of selection
(Bourgeois et al. 2017). Such studies rely on a clear phenotypic scoring to
detect statistical association.

In the Daphnia magna-Pasteuria ramosa host-parasite system, cloning of
the parasite and controlled infections revealed a high genotype-genotype
specificity between the host and the parasite (Luijckx etal. 2011). The mode
of infection was later determined, as it was found that bacterial spores can
attach to the gut wall of the host and thus cause infection, while host are
resistant when spores do not attach (Duneau et al. 2011). Attachment is
the first step of the infection process, as it allows penetration into the host
body cavity and then multiplication of the bacteria (Ebert et al. 2016). In
the first study describing the attachment test, attachment showed a clear
site-specific pattern (at the host foregut/esophagus), was binary, and in-
dependent of environmental factors (Duneau et al. 2011). Later a second
attachment site was described, namely the host hindgut (Bento et al. 2020).

Because it is fast and reliable, the attachment test has become the stan-
dard method for scoring resistance and infectivity phenotypes in the P
ramosa-D. magna system (Luijckx et al. 2013; Metzger et al. 2016; Chapter
1: Ameline etal. 2021). However, as new P. ramosa isolates were used in the
laboratory, observations of new attachment sites were made, prompting a
systematic search for novel attachment sites (Bento et al. 2020; Ameline et
al. 2021). Here we report the results of this systematic search.

Host and parasite genotypes

The five Pasteuria ramosa isolates routinely used in the laboratory are C1,
C19, P15, P20 and P21 (Luijckx et al. 2011; Bento et al. 2020; Chapter 1:



Chapter 4

Ameline et al. 2021). The resistance phenotype—a.k.a. resistotype—of a
Daphnia magna clone (= genotype) depicts resistance (R: no attachment)
or susceptibility (S: attachment) to these five isolates. We aimed to get more
diversity of P. ramosa isolates by exposing D. magna clones from the Aegel-
see population that were fully resistant to the five known P. ramosa isolates
(RRRRR resistotype) to pond sediment. We isolated the parasite from five
different host genotypes (t1_10.3_2i_2, 5, 6, 11, and 15) and passaged them
once in the host genotype used to isolate them from the sediments, aiming
to yield larger amounts of spores and to reduce a possible multiplicity of
parasite strains within isolates. We renamed these five isolates P38 to P42.

These five new isolates—P38 to P42—were then tested on a diverse panel
of host genotypes from the Aegelsee population. We used 91 D. magna gen-
otypes collected from 2015 to 2018 sampled across the summer season.
We performed the attachment test as described in (Duneau et al. 2011),
using P ramosa fluorescently labelled spores. This attachment test revealed
three new attachment sites consistently observed across repeats.

In parallel, attachment test performed in the laboratory in sexual offspring
of selfed host cloned (F1 groups) revealed two other new attachment sites.
Six selfed F1 groups with 19 to 89 offspring were used, representing a total
of 340 genotypes (Supplementary Table S4.1). These selfed F1 groups cor-
respond to the groups used in Chapter 1 (Ameline et al. 2021) and Chapter
3 (Fredericksen et al. 2021) to investigate the genetic model of resistance
in the host. Finally, attachment test performed using host and parasite gen-
otypes from other populations revealed one further unknown attachment
site.

Attachment pictures

To describe the new attachment sites observed, we developed a protocol to
take good quality images of the attachment. We infected juvenile host indi-
viduals (about 1 mm body length) with fluorescently labelled spores in 96-
well plates as described in Duneau et al. (2011), using varying amounts of
spores. In the attachment test, depending on the bacterial isolate, we rou-
tinely feed one individual 4000-10000 spores. The spore suspension used
in the standard attachment test were created from the macerated whole-
body tissue of five to ten infected D. magna individuals and diluted ten times
(1:10 dilution). To avoid too strong fluorescence that would impede taking
clear pictures, we used 500-2000 spores of 1:10 dilutions or 500-1000
P. ramosa spores of 1:100 dilutions. The attachment test is normally per-
formed using alive D. magna, but to obtain better pictures we immobilized
the hosts after exposure to the parasite. After the incubation period (about
30 min), we removed the medium and added 150 pL of 18% EtOH solution,
in which individuals were left for 10 min. Individuals were then placed with
a drop of medium on a glass slide and covered with a cover slip, with play-
dough distance holder at the corners. We took images under a fluorescent
lens microscope, within 10 minutes to avoid autofluorescence. Unless men-
tioned otherwise, we used a Leica DM6 B microscope, objective 10x with 1x
or 1.6x magnification, FluoCube: GFP. Images were produced using a Leica
DFC7000 T camera connected to the microscope, using the program LAS v.

83



Chapter 4

4.12 and the package “montage”, with a Z-step size of 2 (30-50 pictures per
image). Details on the host and parasite genotypes, number of spores and
dilutions used to produce the attachment images are given in Table 4.1 and
Supplementary Table S4.2.

Attachment of Pasteuria ramosa spores has been reported in Daphnia ma-
gna in the foregut (“F” attachment) and in the hindgut (Figs. 4.1, 4.2 and
4.3) (Duneau et al. 2011; Bento et al. 2020). However, the hindgut has var-
ious clearly differentiable regions, and attachment in these regions has not
yet been characterized. New attachment sites were observed in the postab-
domen region of the host (Fig. 4.2).

Table 4.1
Details about the Daphnia magna genotypes used in the pictures of this chapter.
D. magna clone Resistotype Attachment site observed with high spore concentration
Comment
Name 0r|g|n C1 C19P15P20 P21 P38 P39 P40 P41 P42 Cc1 c19 P15 P20 P21 P38 P39 P40 P41 P42
CH-H-2015-9 Aegelsee R R S RS S S S S S DorDR DorDR RE E, REA RE RE E, REA
CH-H-2015-20  Aegelsee R R S RS S S S S S DorDR DorDR RE REA REA  EREA RE
CH-H-2015-35  Aegelssee S S S S S S SSSS F F DouDR F DorDR E E, REA E E E,RE
CH-H-2015-35  Aegelssee R R S S S S S S S S DorDR  F  DorDR REA REA RE  REARE REARE
CH-H-2015-42  Aegelsse R R S S S S S S S S DorDR  F  DorDR RE EREA REA REARE ERE
1032 2 Aegelsee R R R R R S S S S S REA, DE E,REA, DE REA,DE  DE DE P38 host
1103213 Aegelsee R R R R R S S S S S EA E,REA E,READE ERE REA DE P39 host
110321 6 Aegelsee R R R R R S S S S S RE DE,RE READE EDERE E REA P40 host
1.10.3_2i_11 Aegelsee R R R R R S S S S S REQ’EEA' E,REA  REA  READE DERE P41 host
t1.103.2i15  Aegelsee R R R R R S S S S S REA READE EREA  REA REA P42 host
©2.17.3.4 Aegelsee R R S S S D FLA  DL4
2173 4 12i10 Aegelsee R R S S § D FLA  DL4
CH-H-2015-97  Aegelsee S S S S S F F D FLA D
CH-H-2015-97i6  Aegelsee S S S S S F F D FLA. D

RU-BOL-1 Russia

Attachment is described as a string of letters containing all sites where attachment was observed in one host individual. For example, in the CH-H-2015-9 host
clone, we observed attachment on the external postabdomen (site E) in some repeats (attachment “E”); and attachment on the postabdomen (site E), rectum (site
R) and anus (site A) in other repeats (attachment “REA"). Previous scoring did not distinguish attachment on the distal hindgut (site D) from attachment on the
rectum (site R). Hence, in some cases, we do not know if the observed attachment was “D” or “DR”.

Figure 4.1

Daphnia magna female morphology. A: Structures relevant for the attachment test. Appendages morphology and structures names taken form (Fryer 1991). Going
around the animal, from the upper left to the upper right: TL1: Trunk limb 1. Trunk limbs are also called thoracopods, thoracic appendages and phyllopods, Ex:
Exopod of trunk limb 1. Exopods are present on all trunk limbs, Se: Setae of trunk limb 1. Setae are present on all trunk limbs, and are themselves covered with
setules, also called spinules, not represented here, FCh: Filter chamber, TL2 and 3 Trunk limbs 2 and 3, FP: Gnathobasic filter plate of trunk limb 3, also present
on trunk limb 4, TL4 and 5: Trunk limbs 4 and 5, Ep: Epipodite of trunk limb 5, also present in the other trunk limbs, Abdomen: see Fig. 4.2, C: Carapace, FG:
Food groove. The Daphnia filters the water, creating a water flow from the posterior part of the filter chamber to the anterior part where the mouth is. Particles are
accumulated through the food groove to the mouth, Th: Thorax, MG: Midgut, GS: Grinding surface, autofluorescent in our samples. The grinding surface of the
second mandible is represented, but not the rest of the mandible, as it is hidden behind, Mand.: Mandible, M: Mouth, F: Foregut, or esophagus. B: Picture showing
the trunk limbs of the D. magna. A few P. ramosa spores are visible in the gut, the food groove and on the expod of trunk limb 4. The fluorescent mass below the
mandible is the supra-oesophagal ganglion, not spores. The antenna hides the foregut and the grinding surfaces of the mandibles. C: Picture showing the filter
plates of D. magna. The foregut and mandible are also well visible. A few P. ramosa spores are visible in the distal part of the gut, one spore is visible on the filter
plate. D: Picture showing the foregut and mandibles of D. magna.
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Abdomen

Figure 4.1 Daphnia magna female morphology.
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Figure 4.2

Daphnia magna female abdomen morphology. A: Structures relevant for the attachment test. Structures names taken form (Fryer 1991). Amale abdomen is shown
in Fig. 4.4C. Going around the abdomen, from the upper left to the upper right: HG: Hindgut, R: Rectum. The rectum is a flexible structure that links the midgut to
the distal hindgut. It is represented here “folded” as the midgut and the distal hindgut are close to each other. However, the rectum can be elongated, as seen in
Fig. 4.5C. D: Distal hindgut, CI: Postabdominal claw. Setules present on the posterior part of the claws (not represented here) are visible in Ato D. Co: Comb. The
disposition of the two combs is specific to the species and the sex of the individual. The anus is positioned where the proximal larger comb is. A: Anus, Op: Postab-
dominal opening, PA: Postabdomen, Ab: Abdomen, MG: Midgut. B: Picture showing the abdominal structures in D. magna. A few P. ramosa spores are visible on
the anus. C: Picture showing the abdominal structures in D. magna. Afew P. ramosa spores are visible on the external postabdomen. D: Picture showing the postab-
dominal opening and the anus from below in D. magna. One P. ramosa spore attaches to the larger postabdominal comb and one to the anterior part of the anus.

Figure 4.3

Foregut attachment “F" of Pasteu-
ria ramosa in Daphnia magna. A:
Schematic view of the foregut attach-
ment. The grinding surfaces on the
mandibles autofluoresce. Spores of
P. ramosa are represented as green
dots. Spores cover the internal part
of the foregut. B: Picture showing the
foregut attachment in D. magna with
a high spore concentration. Spores
also attach to the appendices in
this sample. C: Picture showing the
foregut attachment in D. magna with
a medium spore concentration. D:
Picture showing the foregut attach-
ment in D. magna with a low spore
concentration.
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Attachment to the postabdomen

First, we observed that attachment could occur in different parts of the
hindgut, namely the distal hindgut (“D” attachment) and the rectum (“R”
attachment) (Figs. 4.4 and 4.5). The rectum is a muscular tube linking the
distal end of the midgut to the seemingly harder distal hindgut (Fig. 4.2),
which closes the gut. At the rectum we observed variable patterns depend-
ing on the degree of extension of the tissue (compare Fig. 4.5B and C). Be-
cause of this, the attachment to the rectum is difficult to score. For exam-
ple, Figure 4.5D shows a possible artefact created by the mobility of the
outer membrane of the midgut that looks like a rectum attachment but is
probably not one. Attachment to both the distal part of the hindgut and the
rectum is often observed. Attachment in the distal part of the hindgut has
been observed before with the P15 and P21 P ramosa isolates, and the at-
tachment pattern is clear, covering the whole cavity of the distal part of the
hindgut (Bento et al. 2020; Fredericksen et al. in prep) (Fig. 4.4B and C), al-
though attachment intensity can vary. As we tested new P. ramosa isolates,
we observed much more variable attachment in the distal hindgut. Figures
4.4D to G show examples of different patterns of partial attachment in the
distal hindgut observed consistently across host and parasite genotypes.

Second, we observed that spores also attached to the outer part of the
postabdomen. We describe two further attachment sites, the anus region
“A” (Fig. 4.6) and the external abdomen “E” (Fig. 4.7). The anus attachment
describes spores attaching to the opening of the distal hindgut and to the
larger postabdominal comb, while the external abdomen attachment de-
scribes attachment of spores to large parts of the surface of the postabdo-
men. These two attachments were observed separately (only “A”: Fig. 4.6B
to E, only “E”: Fig. 4.7B and C) or together (Fig. 4.7D). The intensity of at-
tachment to these sites can vary greatly. For example, both are observed
in Figure 4.7D at the relative same intensity, but Figure 4.6F shows a more
intense attachment to the anus than to the external abdomen. Figure 4.6F
also shows that the anus attachment can be difficult to disentangle from a
partial attachment in the distal hindgut. The external postabdomen attach-
ment—"“E”—of the P38 to P42 P. ramosa isolates was observed in all the 91
tested host genotypes from the Aegelsee population, at varying intensities.
All possible combinations of the other postabdomen attachments—*“D”, “R”
and “A”—were observed (Table 4.1). We observed this variation in attach-
ment intensity and patterns across and within host genotypes, which made
the scoring of the postabdominal attachment often difficult.

We tested attachment of the new isolates P38 to P42 on the host genotypes
from which they were isolated and passaged, and observed attachment at
the rectum, anus, and external abdomen (Table 4.1), suggesting that attach-
ment at these sites does lead to infection.
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Figure 4.4

Distal hindgut attachment “D” of Pasteuria ramosa in Daphnia magna.




Chapter 4

Figure 4.4

Distal hindgut attachment “D” of Pasteuria ramosa in Daphnia magna. A: Sche-
matic view of the distal hindgut attachment. Spores of P. ramosa are repre-
sented as green dots. Spores cover the internal part of the distal hindgut. B:
Picture showing the distal hindgut attachment in a female D. magna. C: Picture
showing the distal hindgut attachment in a male D. magna. D: Picture showing
a specific distal hindgut attachment in D. magna. Spores attach mostly at the
corners of the distal hindgut. In this sample, spores also attach to the exter-
nal postabdomen. E: Picture showing a specific distal hindgut attachment in
D. magna. Spores attach to the rectum and to the proximal part of the distal
hindgut. In this sample, spores also attach to the external postabdomen. Picture
taken with a smartphone camera through a fluorescent-lens microscope LEICA
DMI4000B. F: Picture showing a specific distal hindgut attachment in D. magna.
Spores attach to the rectum and seem to attach to the medial part of the distal
hindgut more than the lateral part. In this sample, spores also attach to the
external postabdomen. Picture taken with a smartphone camera through a fluo-
rescent-lens microscope LEICA DMI4000B. G: Picture showing a specific distal
hindgut attachment in D. magna. Spores attach to proximal part of the distal
hindgut, where it meets the rectum. Picture taken with a smartphone camera
through a fluorescent-lens microscope LEICA DMI4000B. H: Possibly same as
G, if the sample was slightly crushed and the distal hindgut was moved towards
the distal part of the postabdomen. Alternatively, this could represent yet an-
other attachment pattern not described in the present study. Another possibility
would be that this pattern comes from an artefact.

Figure 4.5

Rectum attachment “R” of Pasteuria
ramosa in Daphnia magna. A: Sche-
matic view of the rectum attachment.
Spores of P. ramosa are represented
as green dots. Spores cover the in-
ternal part of the rectum. B: Picture
showing the “folded” rectum attach-
ment. In this sample spores also
attach to the external postabdomen.
C: Picture showing the “unfolded”
rectum attachment. In this sample
spores also attach to the external
postabdomen. D: Picture showing a
possible artefact looking similar to the
rectum attachment. In this sample it
seems like the distal part of the mid-
gut would be protruding from the mid-
gut, making it look like a rectum at-
tachment In this sample a few spores
attach to the external postabdomen,
on the larger comb.
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200 pm

Figure 4.6

Anus attachment “A” of Pasteuria ramosa in Daphnia magna. A: Schematic
view of the anus attachment. Spores of P. ramosa are represented as green
dots. Spores attach to the anus and to the larger comb of the postabdomen. B:
Picture showing the anus attachment. In this sample a few spores attach to the
distal hindgut. C: Picture showing the anus attachment from below. D: Same as
B, with a stronger attachment in the distal hindgut. One spore attaches to the
postabdominal claw. E: Picture showing the anus attachment with a low spore
concentration. In this sample a few spores attach to the external abdomen. F:
Picture showing the anus attachment with a high spore concentration. In this
sample spores also attach to the rectum and a few spores attach to the external
abdomen. Picture taken with a reflex camera through a fluorescent-lens micro-
scope LEICA DMI4000B.
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Figure 4.7

External postabdomen attachment “E” of Pasteuria ramosa in Daphnia magna. A: Schematic view of the external postabdomen attachment. Spores of P. ramosa
are represented as green dots. Spores attach to the carapace outside of the postabdomen. B: Picture showing the external postabdomen attachment with a low
spore concentration. C: Picture showing the external postabdomen attachment with a medium spore concentration. Note that spores attach more to the posterior
part of the postabdominal claws, where the setules are (see Fig. 4.2). In this sample spores also attach to the rectum and the distal hindgut. D: Picture showing
the external postabdomen attachment with a high spore concentration. In this sample spores also attach to the rectum and the distal hindgut. Picture taken with a
reflex camera through a fluorescent-lens microscope LEICA DMI4000B.

Attachment to the appendages

Using new P. ramosa isolates further revealed a clear attachment site to
one of the appendages of the host, trunk limb 5 “L5” (Fig. 4.8). Performing
the attachment test in six selfed F1 groups with isolates routinely used in
the laboratory revealed two additional consistent attachment sites. [solates
P15 and P21 showed attachment to the exopodic setae of trunk limb 4 “L4”
(Fig. 4.9), and P20 showed attachment to all trunk limbs “LA” (Fig. 4.10,
Supplementary Table S4.1). The P. ramosa isolates P20 and P21 showed
attachment at the “T” and “L4” sites, respectively in all the five selfed F1
groups tested, but P15 showed attachment at the “L4” site only in three out
of six F1 groups (Supplementary Table S4.1). All trunk limbs attachment
seems to be mostly happening on the exopodic setae, but also on the filter
plates of limbs 3 and 4 (Figs. 4.1A and 4.10). All trunk limbs attachment
also seemed to touch trunk limb 5, but with a lower intensity than the “L5”
attachment (compare Figs. 4.8B and 4.10B). Overall, attachment on the
trunk limbs is mostly difficult characterize. This may be in part caused by
their complex morphology.
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Figure 4.8

Trunk limb 5 attachment “L5” of Pasteuria ramosa in Daphnia magna. A: Schematic view of the trunk limb 5 attachment. Spores of P. ramosa are represented as
green dots. B: Picture showing the trunk limb 5 attachment with a high spore concentration (10000 spores). Picture taken with a smartphone camera through a
fluorescent-lens microscope LEICA DMI4000B. C: Picture showing the trunk limb 5 attachment with a medium spore concentration (2000 spores). In this sample
spores also attach to the filter plate. D: Picture showing the trunk limb 5 attachment with a medium spore concentration (2000 spores). In this sample spores also
attach to the distal hindgut.
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Figure 4.9

Trunk limb 4 attachment “L4” of Pasteuria ramosa in Daphnia magna. A: Schematic view of the trunk limb 4 attachment. Spores of P. ramosa are represented as
green dots. B: Picture showing the trunk limb 4 attachment with a low spore concentration (500 spores). Spores are attached to the exopod of trunk limb 4 and
to its setae. In this sample spores also attach to the distal hindgut. C and D: It is not clear where the spores attach, but they possibly attach to the distal part of
the exopodic setae of the trunk limbs. In A, for clarity, we represent the trunk limbs separated from one other, but in reality, the trunk limbs overlap and exopodic
setae from possibly all trunk limbs meet above the postabdominal claws. C: Picture showing the trunk limb 4 attachment with a medium spore concentration (2000
spores). In this sample spores also attach to the distal hindgut. D: Picture showing the trunk limb 4 attachment with a high spore concentration (10000 spores). In
this sample spores also attach to the distal hindgut. Picture taken with a reflex camera through a fluorescent-lens microscope LEICA DMI4000B.
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Figure 4.10

All trunk limbs attachment “LA” of Pasteuria ramosa in Daphnia magna. A: Schematic view of the trunk limbs attachment. Spores of P. ramosa are represented
as green dots. Spores seem to attach to all trunk limbs, primarily on the exopodic setae and on trunk limb 5. B: Picture showing the trunk limbs attachment with a
high spore concentration (10000 spores). Spores seem to attach to all trunk limbs, primarily on the exopodic setae and on trunk limb 5. In this sample spores also
attach to the foregut. Picture taken with a reflex camera through a fluorescent-lens microscope LEICA DMI4000B. C: Picture showing the trunk limbs attachment
with a medium spore concentration (2000 spores). Spores seem to attach to the exopodic setae of all trunk limbs. In this sample spores also attach to the foregut.
D: Picture showing the trunk limbs attachment with a medium spore concentration (2000 spores). Spores seem to attach to the filter plates of trunk limbs 3 and 4.
In this sample spores also attach to the foregut.
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Molting possibly affects all attachment sites

Observations of cuticle molts of the D. magna during the attachment test re-
vealed that attached spores at the foregut and postabdominal attachment
sites were shed by the animal along with the molt (Fig. 4.11A and B). As
we did not observe a molt of rectum attachment, we do not know if spores
attached to this part of the hindgut get shed. Observations of cuticle molts
under a stereomicroscope revealed that the entire structure of the append-
ages, including the setae, also get shed by the D. magna (Fig. 4.11C and D).

Attachment is diverse and complex

In the present study we describe new attachment sites of Pasteuria ramosa
spores to the cuticle of it crustacean host Daphnia magna. We characterize
a total of eight attachment sites in the foregut, the hindgut, the postabdo-
men and the appendages of D. magna. The previously described attach-
ment sites, namely the foregut and the hindgut attachment, showed very
clear and consistent patterns (Duneau et al. 2011; Bento et al. 2020), while
these new sites showed more diverse and variable phenotypes. First, the
new attachment sites we describe are situated on morphologically and an-
atomically complex structures. To our knowledge, attachment of P ramosa
has not been characterized in other species of Daphnia. A closely related
species of P ramosa, P. penetrans—infecting root-knot nematodes—seems
to be able to attach to the entire cuticle of the worm (see Fig. 2 in Preston
et al. 2003). Second, different attachment phenotypes were observed at the
same attachment sites across host or parasite lines. Third, attachment was
often observed to occur simultaneously at more than one site in a given
combination of parasite and host genotype. As the new P. ramosa isolates
were only passaged once in their host genotype, they might contain mul-
tiple genotypes of P. ramosa, which could blur the observed attachment
phenotype and may contribute to the finding that isolates attach to sev-
eral sites. However, we observed that three of the P ramosa isolates used
routinely in the laboratory (P15, P20 and P21) attached simultaneously to
several sites in the same host genotype, with clear phenotypes. Additional-
ly, isolate P15 was observed to attach to both the foregut and the hindgut
of some host clones (Gattis 2018; Bento et al. 2020). These isolates were
passaged several times in the laboratory and are mostly clonal. Thus, at-
tachment to multiple sites by the same isolate seems to be a real possibility.
Fourth, attachment phenotypes and intensity of attachment was observed
to vary between and within tested host and parasite genotype combina-
tions. However, we observed much more variation between than within
tested combinations, which suggests that the observed patterns are genet-
ic. Validation of the attachment phenotypes described here and confirma-
tion that attachment leads to infection require further infection trials.
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Figure 4.11

Cuticle molts in Daphnia magna. A: Picture of a cuticle molt of a foregut attachment with a low spore concentration. The foregut seems to have been split in two
parts. The antennas are visible on both sides of the foregut, and one of the mandibles is visible at the bottom of the foregut. B: Picture showing the cuticle molt of a
distal hindgut and external postabdomen attachment with a high spore concentration (10000 spores). The animal is in the process of molting and the gut is visible
on the right side of the picture. Picture taken with a reflex camera through a fluorescent-lens microscope LEICA DMI4000B.
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400 um

Figure 4.11 (continued)

Cuticle molts in Daphnia magna. C and D: Pictures showing the cuticle molt of entire D. magna individuals. Arrow heads point to the setae of the exopods. Pictures
taken with a smartphone camera through a stereomicroscope.

Genotype—-genotype specificity

High specificity between D. magna genotypes and P. ramosa clones has pre-
viously been observed (Luijckx et al. 2011). The five new isolates, P38 to
P42, that we tested against a diverse panel of 91 host genotypes from the
Aegelsee population all resulted to attach to at least the external postad-
bomen site “E”, although with varying intensity. However, attachment to the
external postabdomen does not seem to lead to infection (Fredericksen et
al. 2021). This would mean that, similarly to P20 and P21 which were iso-
lated from the same population, these new isolates cannot infect most host
genotypes present in the population. While isolates possibly contain sever-
al bacterial genotypes, we did observe variation of attachment patterns and
intensity across host genotypes. We thus suggest that these new P. ramosa
isolates display some degree of specificity, even more so if we consider that
the “E” attachment does not lead to infection (Table 4.1). High specificity
has been observed between Pasteuria species and their nematode host spe-
cies (Mendoza de Gives et al. 1999; Giblin-Davis et al. 2001; Davies 2009),
although some species show a larger host range than others, as they are
able to adhere to several host species (Mendoza de Gives et al. 1999; Mohan
etal. 2012).
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The mechanisms of adhesion

We describe in this study attachment of P. ramosa spores on specific sites
of the cuticle: the foregut, the hindgut, the postabdomen, and appendages
and their setae. Attachment of P penetrans to nematode hosts has been
hypothesized to happen in a Velcro-like fashion through a hair-like nap
produced by collagen-like proteins in the bacteria (Davies 2009; Srivastava
et al. 2018). This Velcro is thought to result from the interaction of carbo-
hydrates of the collagen-like proteins of the bacteria with the glycans of
mucin peptides of the nematodes cuticle (Davies 2009; Phani et al. 2017;
Phani et al. 2018). Attachment specificity in our study system is hypothe-
sized to function in a similar way, as collagen-like proteins are believed to
play a role in adhesion to the host in P ramosa (Mouton et al. 2009; Andras
etal. 2020).

All previously known attachments sites, as well as the here described new
sites are part of the cuticle of the host and are shed with the carapace when
the host molts. As such, all sites are of ectodermal origin, in contrast with
the midgut, which is of endodermal origin. Attachment on the midgut wall,
which is not molted, has never been observed. The cuticle of crustaceans
has been described in detail (Nagasawa 2012), as well as the internal struc-
ture of the carapace of D. magna (Christensen et al. 2018), but we lack
knowledge about potential differences in the cuticle surface molecules be-
tween the different attachment sites.

Some attachment sites, such as the rectum, distal hindgut and anus, neces-
sitate that the bacterial spores go through the digestive tract to reach them.
This could cause differences in the adhesion mechanism, as spores going
through the gut might be affected by the digestive process of the host. At-
tachment to the external abdomen and the trunk limbs does not require a
gut passage of the spores.

Implications for the underlying genetics of resistance

In the present host-parasite system, attachment to different sites, namely
the foregut and the hindgut, has been shown to be determined by distinct
resistance loci in the host (Bento et al. 2017; Gattis 2018; Bento et al. 2020;
Chapter 1: Ameline et al. 2021; Fredericksen et al. in prep). Resistance to
the same P. ramosa isolate (P15) attaching at different sites in the host has
been observed to independently segregate in selfed F1 offspring groups
(Gattis 2018), showing that resistance to the same parasite genotype at-
taching at different sites might be determined by distinct resistance loci.
A locus involved in hindgut attachment was shown to be distinct from the
known loci involved in foregut attachment, but did interact with them (Ben-
to et al. 2020). Attachment to the new sites described here may similarly be
determined by distinct resistance loci. As specificity has implications in the
type of selection the resistance genes involved undergo, varying specificity
across bacterial genotypes might result in different evolutionary dynamics
of resistance alleles and genetic architectures of resistance (Agrawal and
Lively 2002; Salathé et al. 2008; Dybdahl et al. 2014). Considering the im-
portance of the attachment step in the infection process of D. magna by P.
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ramosa, and the implications of specificity in the system in host-parasite
coevolution theory, further investigation of the diversity and complexity of
attachment and their underlying mechanisms is essential.

CA and DE designed the study. CA and MF observed and categorized new
patterns of attachment. BH designed the protocol for acquiring attachment
images. CA analyzed the data, wrote the manuscript, and produced the im-
ages and figures.
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Figure S1.1

Pasteuria ramosa genotypes fre-
quency over time during the 2011
active season of Daphnia magna.
Infected animals were collected
throughout the season, and the gen-
otype of the parasite was determined
using microsatellite markers following
the protocol described in (Andras and
Ebert 2013). A total of 113 infected
D. magna individuals were sampled
throughout the season and their para-
site genotype was assessed. The P20
genotype represents about 50% of
the parasite diversity among infected
hosts at the beginning of the season,
a proportion that then drops off during
the epidemics. The P3034 genotype
represents the most diversity of the
parasite population among infected
hosts but was not used in this study
to score host resistotype (resistance
phenotype). Numbers represent the
amount of D. magna individuals sam-
pled on each collection date.

Figure S1.2

Genetic model of resistance inheri-
tance at the ABC cluster in the D. ma-
gna-P. ramosa system. Resistance is
dominant at the A, B and C loci. The
dominant allele at the A locus confers
resistance to C1 and susceptibility
to C19, regardless of the genotype
at the B locus (epistasis). The dom-
inant allele at the B locus confers
resistance to C19, in the right genetic
background, i.e. when an individual is
double recessive at the A locus (“aa”
genotype). The dominant allele at the
C locus acts epistatically on the A and
B loci and confers resistance to C1
and C19, regardless of the genotype
at the A and B loci. Figure adapted
from (Metzger et al. 2016).
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Genomic regions of resistance to the parasite
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Table S1.1

Scaffold Length (bp)

scaffold02167 358328

contig71262 772
scaffold00149 66134
scaffold00715 344834
scaffold01200 81121
scaffold01244 6526
scaffold01745 65595
scaffold01839 55648
scaffold01865 165487
scaffold02315 259660
scaffold02388 172183
scaffold02489 70866
scaffold02560 89801
scaffold02708 22268
scaffold02913 44097
scaffold02970 253762
scaffold02993 133684
scaffold03031 266621
scaffold03154 80879
scaffold03356 21979
scaffold02031 8800
scaffold02207 115428
scaffold00872 416603

Genomic description of the E locus. The region displaying the most markers
discriminating between _,__ Rand _, . S encompassed 22 scaffolds and one
contig on version 2.4 of the Daphnia magna reference genome (Routtu et al.
2014), with a cumulated length of 3101076 bp. The strongest signals of associ-
ation were found on scaffolds 2167 and 2560. Scaffolds are ordered following
the genetic map of (Duki¢ et al. 2016).

Table S1.2

We found 485 genes on all associated scaffolds. Scaffolds 2167 and 2560 harbored 82 candidate genes. Some of these genes had annotations similar to genes
identified in a previous study of the ABC locus (Bento et al. 2017), with a glucosyltransferase found on scaffold 2167. Three other sugar transferases (galactosyl-
transferases) were identified on the 22 associated scaffolds, two of them found on scaffold 2560.

Scaffold Start End Name
scaffold02489 49633 55225 udp-galactose:n-acetylgalactosamine-alpha-r beta galactosyltransferase/ARP2_G2977
scaffold02560 1296 4007 udp-galactose:n-acetylgalactosamine-alpha-r beta galactosyltransferase/ARP2_G2977
scaffold02560 4186 14123 udp-galactose:n-acetylgalactosamine-alpha-r beta galactosyltransferase/ARP2_G2977
scaffold02167 334036 335960 glucosyl/glucuronosyl tr_G27
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Genetic model of resistance inheritance
Table S1.3

List of D. magna genotypes used for the association analysis. Genotypes whose name starts with “CH-H" were collected directly from the pond between 2010
and 2014. Names starting with “t” depict animals hatched in the laboratory from resting eggs collected in early 2014, before the natural hatching of the D. magna
population.

Clone c 1?3:?:?5’?220 c 1'?%31':0:):’):2 0 C-locus genotype  E-locus genotype
CH-H-1769 RR_R Cc ee
CH-H-2029 RR_R Ce ee
CH-H-2299 RR_R cc ee
11.10.3_2 RR_R cC ee
2_14.3_10 RR_R cc ee

CH-H-1 RRSR RR_R Ce ee
11.10.3_4 RRSR RR_R Ce ee
t3_10.3_12 RRSR RR_R Ce unsure
t3_14.3_4 RRSR RR_R cc ee
t3_14.3_5 RRSR RR_R Ce ee
13.31.3_1 RRSR RR_R Ce ee
t4_10.3_11 RRSR RR_R CcC ee
t4_10.3_12 RRSR RR_R Ce ee
t4.10.3_2 RRSR RR_R Ce ee
t5_10.3_5 RRSR RR_R cc ee
t5_20.3_1 RRSR RR_R cc ee
2_17.3_1 RRSS RR_S Ce Ee
2.17.3_4 RRSS RR_S Ce Ee
t2.17.3.5 RRSS RR_S Cc EE
t3_12.3_1 RRSS RR_S cc Ee
13.31.3_3 RRSS RR_S cc EE
#4_13.3_10 RRSS RR_S Ce EE
t4_17.3_8 RRSS RR_S Ce Ee
t4_17.3.9 RRSS RR_S cC Ee
t5_12.3_3 RRSS RR_S cc Ee
t5.12.3 4 RRSS RR_S Ce Ee

CH-H-16 SSSS SS_S cc Ee
2.12.3_10 SSSS SS_S cc Ee
t2_12.3_1 SSSS SS_S cc ee
212312 SSSS SIS cc ee
2.14.3_9 SSSS SS_S cc EE
3_12.3.6 SSSS SS_S cc ee
3.12.3_8 SSSS SS_S cc EE
13_13.3_5 SSSS SS_S cc Ee
3.18.3_3 SSSS SS_S cc Ee
t4_12.3_3 SSSS SS_S cc EE

t4 7.3 4 SSSS SS_S cc Ee

Tables S1.4to S1.15

Selfing results in the Aegelsee Daphnia magna population: phenotypic and genotypic segregation. Tables $1.4 to $1.12: Selfing results for parents with variation
at C and E loci. Tables $1.13 and 1.814: Selfing results for parents with variation at B, C and E loci. Table $1.15: Detailed results of statistical analyses applied
to F1 groups.

Tables S1.4to S1.12

Expected and observed genotypes and phenotypes of F1 offspring groups resulting from the selfing of FO parents where variation at the C and E loci was observed
(see Supplementary Table S1.21 for clones’ details). Observed resistance genotype for parents and offspring was assessed using markers DMPR1 and DMPR3
for the C and the E loci, respectively (see results). Resistance is dominant at the C locus (resistance to C1/C19) whereas resistance is recessive at the E locus
(resistance to P20). In addition, an epistatic relationship linking both loci confers susceptibility to P20 to an individual that shows susceptibility to C1 and C19,
disregarding the individual genotype at the E locus (see results section Fig. 1.5). Text in red denotes genotypes and their corresponding phenotypes where the
epistatic relationship between the C and the E loci is expected to be revealed in the phenotype. The epistatic relationship “confers” to “cc--" individuals a suscepti-
bility to P20, whatever their genotype at the E locus. Hence the epistasis can only be observed phenotypically in “ccee” offspring. If the epistatic relationship is not
present in this case, the observed phenotype would be SS_R, whereas if the epistatic relationship is present, the observed phenotype would be SS_S. A. Expected
Punnett square for the selfed genotype according to the genetic model. B. Expected vs. observed genotypes and phenotypes of selfed F1 offspring. Differences
in offspring number between the genotype and the phenotype correspond to instances where either genetic markers analysis did not work, or attachment test was
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not conducted because the D. magna clone got extinct. Expected genotypes and phenotypes were calculated from the Punnett square and using the R package
“peas” (Supplementary Doc. S1.1). Genotypes are ordered in upper-case then lower-case fashion. We compared expected vs. observed genotype and resistotype
segregation separately in the F1 groups using the Cochran-Mantel-Haenszel (C-M-H) test for repeated tests of independence. When there was only one repeat
(Supplementary Table S1.7), we used the Fisher test. In cases where there was only one category of expected and observed genotype or phenotype, no test was
run (Supplementary Tables S1.4, S1.6, $1.10, S1.11 (resistotype only) and S1.12). In these cases, expectation and observation show a perfect match. Following
each C-M-H test, assumption of homogeneity of the odds ratio across repeats was confirmed using a Breslow-Day test (R package DescTools: (Signorell et al.
2018)). However, this test can only be operated in 2x2 tables (phenotype only Supplementary Tables S1.5, S1.7, S1.8). We then ran a Fisher test of independence
for each comparison (expected vs. observed for each repeat, Bonferroni corrected) to detect possible significant differences in opposite directions across repeats,
which would result in a non-significant C-M-H test. We did not detect such differences in direction (see Supplementary Table S1.15 below for all detailed results of
statistical analyses). Tests were run on counts, although we present here segregation of offspring as proportions.

Table S1.4
Selfed genotype “CCEE”. F0 parents: a: t3_12.3_1i_12, b: t3_12.3_1i_21.
A RR_S
CCEE CE
CE RR_S
B Fraction B @ Fraction B
g s 3 Observed 8 £ = - Observed 82
- [ > [=] () >
< © kst Repeat £ 3 5 3 Repeat £3
© < [0 = — [0 =
=35 =3 a S S 3 & a b S 6
- n=43 n=37 o - n=43 n=37
CCEE 1 1 1 NA RR_S 1 1 1 NA

Table S1.5

Selfed genotype “CCEe”. FO parents: a: CH-2015-36, b: t3_12.3_1, c: CH-H-2015-49. Repeat “c” was not tested genotypically as the E locus marker appeared not

to be linked to the E locus.

A RR_S
CCEe CE Ce
CE RR_S RR_S
Ce RR_S RR_R
B Fraction .9 2 Fraction -
o 8 - Observed g = - Observed &2
L > o] (%] <] D =]
= S Repeat I € % k3] Repeat £ 3
©c < D = 3 o [0} =
=g =3 a b c S 8 2 =3 a b c S 8
w n=89 n=31 n=81 5 x w n=89 n=31 n=79
CCEE 0,25 0,31 0,19 1 0,75 0,79 0,74 0,84
CCEe 050 046 055 0 M=035d=2p KRS X2=085, df=1,p
=0.84 =0.36
CCee 0,25 0,22 0,26 0 RR_R 0,25 0,21 0,26 0,16
Table S1.6
Selfed genotype “CCee”. FO parents: a: CH-H-434-inb2-1, b: t1_10.3_2, ¢: CH-H-2015-16, d: CH-H-2016-b-70.
A RR_R C
CCee e
Ce RR_R
B Fraction Y 2 Fraction "
o 8 - Observed 82 = - Observed 8 £
2 > ] =1 ] @ 5]
< © k] Repeat £ 3 - S Repeat £ 3
C o (5] = — [ =
=g =3 a c S 6 3 < a b ¢ d S8
- n=39 n=42 n=66 n=84 x - n=39 n=42 n=70 n=79
CCee 1 1 1 1 1 NA RR_R 1 1 1 1 1 NA
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Table S1.7
Selfed genotype “CcEE”. FO parent: a: t2_17.3_4i_12.
A RR_S CE E
CcEE C
CE RR_R RR_R
cE RR_R SS_S
B ° Fraction - g Fraction -
£ a - Observed 8 E > - Observed 3£
2 2> o) — > ] ) = 3
= © S Repeat T 8 5 S Repeat T 8
©c S (] = —— () =
=g £ a 25 8 S 25
- n=19 o« - n=19
CCEE 0,25 0,32 o 0,75 0,74
= RR_S -
CCEE 050 042 T a
CCEE 025 026 = ss.s 025 026

Table S1.8

Selfed genotype “CcEe”. FO parents: a: t3_14.3_1, b: t2_17.3_4, c: t2_17.3_1, d: CH-H-2015-59. Repeat “d” was not tested genotypically as the E locus marker
appeared not to be linked to the E locus. Text in grey corresponds to non-matching marker genotypes with their observed resistotypes according to the genetic
model. Those non-matching observations are included above in the observed proportions of genotypes.

A RR_S CE C E
CcEe e C ce
CE RR_S RR_S RR_S RR_S
Ce RR_S RR_R RR_S RR_R
cE RR_S RR_S SS_S SS_S
ce RR_S RR_R SS_S SS_S
B ° Fraction = g Fraction =
g - Observed & €29 = - Observed 8 =
x © S Repeat T g< 2 ks Repeat T 3
S S @ = © & 2 @ = °
=g =3 a b c d 55 8 =3 a b c d 35S
w n=47 n=32 n=80 n=61 o "“ n=48 n=32 n=64 n=65
CCEE 0,06 0 0,16 0,05 0,20 RR_S 0,56 0,47 0,56 0,65 0,51
CCEe 0,13 0 0,19 0,12 0 8 =
CcEE 013 013 006 018 057 S S
CcEe 0,25 0,40 0,25 0,28 0 ; c?
ccEE 0,06 0,09 0 0,03 0,23 % SS'S 0,25 0,30 0,06 0,13 0,21 %
ccEe 0,13 0,1 0,03 0,03 0 ,0\5 g
ccee 0,06 0,11 0,03 0,03 0 ““3 TI"
CCee 0,06 0 0,09 0,17 0 S RR_R 0,19 0,23 0,38 0,22 0,28 p
0

Ccee 0,13 0,17 0,19 0,10
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Table S1.9
Selfed genotype “Ccee”. FO parents: a: t1_10.3_4, b: t5_10.3_3, ¢: CH-H-434-inb2-2.
A RR_R
Ccee Ce ce
Ce RR_R RR_R
ce RR_R SS_S
B R Fraction - g Fraction -
-3 - Observed & % = = Observed 8 ‘%
= =t Repeat £3 2 S Repeat £ 3
©c o [} = B [0} =
=3 g a b S S 3 £ a b c &6
- n=3 n=49 n=21 x - n=36 n=49 n=22
CCee 0,25 0,19 0,16 0,14 RR_R 0,75 0,75 0,80 0,62
Ccee 0,50 0,56 0,63 0,48 M?=2.16,df=2,p X?=0.0062, df=1,
=0.34 5 p=0.94
ccee 0,25 0,25 0,20 0,38 = 0,25 0,25 0,20 0,38
Table S1.10
Selfed genotype “ccEE”. FO parent: a: CH-H-2015-97.
A SS_S
CCEE cE
cE SS_S
B ° Fraction o g Fraction o
£ o 3 Observed 3 E z B Observed 3 E
= 9 k] Repeat & g 5 k] Repeat & g
©c < () = —— (5] =
=3 & a iL § 3 & a iL &
- n=89 x - n=87
ccEE 1 1 NA 5.5 1 1 NA
Table S1.11
Selfed genotype “ccEe”. FO parents: a: CH-H-2015-113, b: t4_10.3_16.
A SS_S
cE ce
ccEe
cE SS_S SS_S
ce SS_S SS_S
B Fraction Fraction
_— - Observed 7 o § - Observed 7 o
gz g Repeat T 3 S 2 Repeat T 3
c < o) = ° K] o) = °
=5 = a b & 6 3 2 a b & 6
Ll @ Ll
n=82 n=63 n=84 n=65
cCcEE 0,25 0,27 0,15 SS_S 1 1 1
ccEe 050 0,55 0,44 M?=0.58, df=2, p A
=0.75
ccee 0,25 0,18 0,41
Table S1.12
Selfed genotype “ccee”. FO parents: a: t4_13.3_2, b: CH-H-2015-86.
A SS_S
ce
ccee
ce SS. S
B Fraction © Fraction
o g - Observed B é % - Observed g 'g
=% £ Repeat T 3 2 £ Repeat T 3
S S D = © L B = ©°
=35 = a b S 5 $ £ a b & 5
n=76 n=36 n=74 n=35
ccee 1 1 1 NA SS_S 1 1 1 NA
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Tables S1.13 and S1.14

Expected and observed phenotypes of F1 offspring resulting from the selfing of FO parents where variation at the B- and E loci was observed (see Supplementary
Table $1.21 for clones’ details). Individuals bearing the dominant allele at the B locus display a SR __ resistotype underlined by a “--B-cc” genotype. In the Swis-
spond population we assume the recessive allele is fixed at the A locus and the dominant allele at the B locus is rare (see results section). Individuals with a SR__
resistotype are thus expected to possess an “aaB-cc” genotype in our study population. As genetic markers were not designed to discriminate variation at the B
locus and consequently do not show linkage with expected genotypes, we present only phenotype segregation. We deduced the resistance genotypes of the pres-
ent FO parents based on their resistotype and on the segregation patterns of their F1 offspring. In these F1 offspring, we observed SR_R individuals, supposedly
“aaB-ccee”, which indicates that the epistatic relationship described before between the C and the E loci (results section Fig. 1.5) should also include the B locus.
If the epistasis was only between the C and the E locus, SR _ _ individuals would necessarily be SR _S. However, we do find SR _R individuals among F1 offspring
of SR_S parents, which indicates that the “bbcc--" genotype induces susceptibility to P20, regardless of the genotype at the E locus. As SR___ individuals are rare
in the population, we base this hypothesis solely on the selfed offspring presented below. As the recessive allele at the A locus is fixed in the population, we cannot
infer a possible role of the A locus in this epistatic relationship. Text in red denotes phenotypes and genotypes where this epistatic relationship between the B/C and
the E loci is expected to be revealed in the phenotype. The epistatic relationship “confers” to “bbcc--" individuals a susceptibility to P20, whatever their genotype at
the E locus. Hence the epistasis can only be observed phenotypically in “bbccee” offspring. If the epistatic relationship was not present in this case, the observed
phenotype would be SS_R, whereas if the epistatic relationship is present, the observed phenotype is SS_S. This genetic model is presented in Fig. 1.5 in the
results section. A. Expected Punnett square for the selfed genotype according to the genetic model including the B locus. B. Expected and observed phenotypes of
selfed F1 offspring. Expected phenotypes were calculated from the Punnett square and using the R package “peas” (Supplementary Doc. S1.2). Genotypes are or-
dered in upper-case then lower-case fashion. We compared expected vs. observed resistotype segregation in the F1 groups using the Fisher test of independence
(see Table S1.15 below for all detailed results of statistical analyses). Tests were run on counts, although we present here segregation of offspring as proportions.

Table S1.13
Selfed genotype “BbccEE”. FO parent: a: t0_9.3_7.

BcE
bcE SS S
B Fraction ° Fraction
2 Ob d B @ 1SS Ob d B @
é g - Serve 8g H - Serve 8g
< © S Repeat T 8 b = Repeat T 8
= s < G c ] 8 G c
> 5 a ir © &, 5 a ir ©
n=35 n=37
BBCCEE 025 [SRIST o5 076 _
BbccEE 0,50 SS_S 0,25 0,22 &
bbccEE 0,25 SR R 0,00 0,03
CCee 0,29 SR_S
CCee 0,03 SR_R
Ccee 0,46 SR_S
ccee 0,23 SS S
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Table S1.14
Selfed genotype “BbccEe”. FO parent: a: t0_28.2_43.

A

BcE

SS_S

SR R SS_S SS_S
B Fraction ° Fraction
2 % - Observed g é %—. - Observed g g
E % g Repeat % g *g g Repeat % E
> 5 a ir © g 3 a ir ©
n =36 n=38
BBccEE 0,06 NA 0,56 0,55

BBccEe 0,13 NA
BbccEE 0,13 NA
Bbccke 0,25 NA

(o}
w0
bbccEE 0,06 NA NA 6.5 0,25 0,32 'ﬁ’
bbccEe 0,13 NA Q
bbccee 0,06 NA
BBccee 0,06 NA SR_R 0,19 0,13
Bbccee 0,13 NA
CCEE 0,06 SR_S
CCEe 0,1 SR_S
CcEE 0,08 SR_S
CcEe 0,19 SR_S
CcEe 0,06 SR_R
Ccee 0,11 SR_S
Ccee 0,06 SR_R
ccEE 0,06 SS_S
ccEe 0,17 SS_S
ccee 0,11 SS S
Table S1.15
Detailed results of statistical analyses applied to F1 offspring groups. Analyses are described in tables’ legends above.
Phenotype
CMH test BD test Fisher test
repeat a repeat b repeat ¢ repeat d
2 df p X? df p p p + Bonf. p p + Bonf. p p + Bonf. p p + Bonf.
Table S1.4 NA NA  NA NA NA  NA NA NA NA NA NA NA NA NA NA
Cl=(0.49, 1.25),
Table $1.5 X?=0.85 1 0,36 estimate = 0.78, 0,83 2 0,66 0,86 1 1 1 0,24 0,72 NA NA
null value = 1
Table $1.6 NA NA  NA NA NA  NA NA NA NA NA NA NA NA NA NA
Table $1.7 NA NA  NA NA NA  NA NA 1 NA NA NA NA NA NA NA
Table S1.8 4,61 2 01 NA NA  NA NA 076 1 0,07 0,27 0,29 1 0,49 1
Cl=(0.55,1.9),
Table S1.9 X2=0.0062 1 0,94 estimate = 1.03, 112 2 057 1 1 081 1 0,51 1 NA NA
null value = 1
Table $1.10 NA NA  NA NA NA  NA NA NA NA NA NA NA NA NA NA
Table $1.11 NA NA NA NA NA  NA NA NA NA NA NA NA NA NA NA
Table $1.12 NA NA  NA NA NA  NA NA NA NA NA NA NA NA NA NA
Table $1.13 NA NA  NA NA NA  NA NA 1 NA NA NA NA NA NA NA
Table S1.14 NA NA  NA NA NA _NA NA 058 NA NA NA NA NA NA NA
Genotype
CMH test Fisher test
repeat a repeat b repeat ¢
M df p p p + Bonf. p p + Bonf. p p + Bonf.
Table $1.4 NA NA  NA NA NA NA NA NA NA
Table $1.5 0,35 2 0,84 0,67 1 0,89 1 NA NA
Table $1.6 NA NA  NA NA NA NA NA NA NA
Table S1.7 NA NA  NA 092 NA NA NA NA NA
Table S1.8 6,79 8 0,56 0,06 0,19 0,61 1 0,39 1
Table $1.9 2,16 2 0,34 0,86 1 0,42 1 06 1
Table $1.10 NA NA  NA NA NA NA NA NA NA
Table $1.11 0,58 2 0,75 0,64 1 0,13 0,25 NA NA
Table $1.12 NA NA  NA NA NA NA NA NA NA
Table $1.13 NA NA  NA NA NA NA NA NA NA
Table $1.14 NA NA  NA NA NA NA NA NA NA
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Linking the genomic regions and the genetic model of resistance

Table S1.16

Multi-marker genotypes and their expected corresponding resistance genotype at the C and E loci and resistotypes (resistance phenotypes) of Daphnia magna in
the Swisspond population, assuming perfect linkage between markers and resistance loci. All possible allele combinations for the four markers DMPR1, 2, 3 and 4
(DMPR: Daphnia magna—Pasteuria ramosa). DMPR1 and 2 are physically linked to the C locus while DMPR3 and 4 are physically linked to the E locus. Zeros (0)
and ones (1) correspond to absence and presence of an allele, respectively. The size of an amplicon containing an allele is denoted next to the name of the allele
(see Supplementary Table $1.20 for details on the markers). For example, DMPR1_R1_89 corresponds to the amplicon of 89 bp yielded by the PCR for the first R
allele of the DMPR1 marker. Inferred resistotypes in red denote resistotypes where the epistatic interaction between the C and the E loci is detectable. In order to
show the logic of the different possible combinations, lines with zeros and ones identical to the line directly above them are shown in grey.

Alleles associated to the C locus Alleles associated to the E locus
=) fac] © © < © = o © ©
il = = = < S S 3 < 2 Inferred resistance
x B o ' o ' = 2 o o' Multi-marker genotype Inferred resistotype
- | il o N\ g o ] < o genotype
© = o 4 o o 2 2 o o
s £ & &£ § g £ &g & g
3 H 8 a 3 a H H a3 a3
1 1 1 1 001_10_001_10 ccee SS_S
1 1 1 1 001_10_010_10 ccee SS_S
1 1 1 1 1 001_10_011_10 ccee 55_5
1 1 1 1 001_10_100_01 CccEE ss_s
1 1 1 1 1 1 001_10_101_11 ccEe SS_S
1 1 1 1 1 1 001_10_116_11 ccEe Ss_S
1 1 1 1 010_01_001_10 CCee RR_R
1 1 1 1 010_01_016_10 CCee RR_R
1 1 1 1 1 010_01_011_10 CCee RR_R
1 1 1 1 010_01_100_01 CCEE RR_S
1 1 1 1 1 1 010_01_101_11 CCEe RR_S
1 1 1 1 1 1 010_01_110_11 CCEe RR_S
1 1 1 1 1 1 011_11_001_10 Ccee RR_R
1 1 1 1 1 1 011_11_010_10 Ccee RR_R
1 1 1 1 1 1 1 011_11 011_10 Ccee RR_R
1 1 1 1 1 1 011_11_100_01 CCEE RR_S
1 1 1 1 1 1 1 1 011_11_101 11 CcEe RR_S
1 1 1 1 1 1 1 1 011_11_11@_11 CcEe RR_S
1 1 1 1 100_01_001_10 CCee RR_R
1 1 1 1 100_01_0106_10 CCee RR_R
1 1 1 1 1 100_01_011_10 CCee RR_R
1 1 1 1 100_01_100_01 CCEE RR_S
1 1 1 1 1 1 100_01_101_11 CCEe RR_S
1 1 1 1 1 1 100_01_116_11 CCEe RR_S
1 1 1 1 1 1 101_11_001_10 Ccee RR_R
1 1 1 1 1 1 101_11_010_10 Ccee RR_R
1 1 1 1 1 1 1 101_11_011_10 Ccee RR_R
1 1 1 1 1 1 101_11_100_01 CCEE RR_S
1 1 1 1 1 1 1 1 101_11_101_11 CcEe RR_S
1 1 1 1 1 1 1 1 101_11_110_11 CcEe RR_S
1 1 1 1 1 110_01_001_10 CCee RR_R
1 1 1 1 1 110_01_010_10 CCee RR_R
1 1 1 1 1 1 110_01_011_10 CCee RR_R
1 1 1 1 1 110_01_100_01 CCEE RR_S
1 1 1 1 1 1 1 110_01_101_11 CCEe RR_S
1 1 1 1 1 1 1 110_01_110_11 CCEe RR S

Table S1.18 (next page)

Observed allele combinations for markers DMPR3 and 4 and their corresponding inferred resistance genotype, expected and observed resistotypes. DMPR1 and
2 are linked to the E locus. Details about the markers and their expected signatures from the genetic model of resistance are given in Supplementary Table S1.20.
Within the groups of “ee” genotypes, we separately present the “SS__" C1/C19 resistotype as we expect in that case the P20 resistotype to be “__S”, due to
the epistatic relationship between the C and the E locus. Text in grey represents occurrences where the measured and expected resistotypes do not match. Text
in red denotes resistotypes where the epistatic interaction between the C and the E loci is detectable. For each genotype, the expected count of resistotypes is
calculated as the total count of observed resistotypes. The panel of clones used represents 24 selfed offspring groups (F1) ranging from 12 to 84 individual clones
(Supplementary Table S1.19), as well as three random samples from the Swisspond from 2014 to 2016 (22 to 108 clones), either hatched from resting eggs of
directly sampled in the pond. Differences in total sample size correspond to occurrences where a marker did not amplify or when the marker signature could not
be clearly identified. The initial total sample size of phenotyped clones is n = 1550. Individuals with a “SR__" resistotype were excluded from the analysis as they
were not used in the GWAS from which the markers were designed. Better linkage is observed between the E locus and DMPR3 than between the E locus and
DMPR4. Note that marker DMPR4 did not amplify as well as the other markers (n = 911). This marker showed better amplification when put alone in a PCR reaction
however we decided not to use it further as it showed poor linkage to the E locus.

112



Table S1.17

Supplementary Chapter 1

Observed allele combinations for markers DMPR1 and 2 and their corresponding inferred resistance genotype, expected and observed resistotypes. DMPR1
and 2 are linked to the C locus. Details about the markers and their expected signatures from the genetic model of resistance are given in Supplementary Table
$1.20. Text in grey represents occurrences where the measured and expected resistotypes do not match. For each genotype, the expected count of resistotypes is
calculated as the total count of observed resistotypes. The panel of clones used represents 24 selfed offspring groups (F1) ranging from 19 to 89 individual clones
(Supplementary Table S1.19), as well as three random samples from the Swisspond from 2014 to 2016 (22 to 108 clones), either hatched from resting eggs of di-
rectly sampled from the pond. Differences in total sample size correspond to occurrences where a marker did not amplify or when the marker signature could not be
clearly identified. The initial total sample size of phenotyped clones is n = 1550. Individuals with a “SR_, " resistotype were excluded from the analysis as they were
not used in the GWAS from which the markers were designed. Better linkage is observed between the C locus and DMPR1 than between the C locus and DMPR2.

k4 2 e
< o N Expected count Expected fi
x o » " i pected coun _  Expected frequency
<! f\ <! DMPR1 genotype Inferred Inferred r yp . Count (n =1442) from inferred Frequency (n from inferred
o = o genotype resistotype . 1442) .
e o [ resistotypes resistotypes
= < =
o = =]
0 0 1 001 cc I SS_ SS__ I 488 490 0,338 0,340
0 1 0 010 cc 515 515 0357 0357
0 1 1 011 Cc RR RR 251 254 0,174 0,176
1 0 0 100 cc 76 76 0053 0053
1 0 1 101 Cc RR RR_ 67 68 0,046 0,047
1 1 0 110 CcC RR__ RR__ 39 39 0,027 0,027
Fisher’s exact test
p=0.77
2 3
. Y . Expected count Expected frequency
» o =
o o DMPR2 genotype Inforred resistance Inferred resistotype Me.asured Count (n = 1434) from inferred Frequency (n from inferred
4 o genotype resistotype . 1434) .
% % resistotypes resistotypes
=) o
0 1 01 cC RR RR__ 548 549 0,382 0,383
1 0 10 cc I SS__ SS__ | 480 599 0,335 0418
1 1 1 Cc RR RR 283 286 0,197 0,199
Fisher's exact test
p=125.10%
Table S1.18 (see left page)
Observed allele combinations for markers DMPR3 and 4 and their corresponding inferred resistance genotype, expected and observed resistotypes.
© = o
< <
;\ o o Inferred Measured Expected count Expected
\ -3 4 " . Inferred Measured _ . Frequency (n = frequency
© - o DMPR3 genotyp: r ype to . . Count (n=1438)  from inferred .
4 2 2 resistotype to P20 resistotype to P20 . 1438) from inferred
o o o genotype C1/C19 resistotypes .
S = = resistotypes
a a
0 1 0 010 ee RR__, R R 468 481 0,325 0,334
SS_. . S S 227 227 0,158 0,158
0 1 1 011 ee RR__ R R 3 3 0,002 0,002
1 0 0 100 EE XX_ S S M7 450 0,290 0,313
1 0 1 101 Ee XX_, S S 1 1 0,001 0,001
1 1 0 110 Ee XX_, S S 247 276 0,172 0,192
Fisher's exact test
p=534.10"
-3 -3
o~ ™
;w ;\ Inferred Measured Expected count Expected
) \ . . Inferred Measured _ . Frequency (n frequency
< < DMPR4 genotype resistance resistotype to . . Count (n=911) from inferred .
x @ resistotype to P20 resistotype to P20 . =91) from inferred
[ [ genotype c1/Cc19 resistotypes .
g E resistotypes
0 1 01 EE XX__, S S 357 374 0,392 0,411
R 17 0 0,019 0
1 0 10 ee RR__, R R 18 19 0,020 0,021
S 1 0 0,001 0
SS_.. S S 6 6 0,007 0,007
1 1 1 Ee XX_ S S 251 512 0,276 0,562
R 261 0 0,286 0
Fisher’s exact test
p=1.00.10"°
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Assessment of resistotype segregation

Table S1.19

Overview of the parent clones used to produce the selfed offspring sorted by their inferred genotypes. Resistotype corresponds to the resistance phenotype to the
Pasteuria ramosa isolates C1, C19 and P20, in that order. The inferred genotypes at the C and E loci are the result of the markers analysis of the parent clones (see
Supplementary Table S1.20). Two exceptions (marked with an asterisk “*”) are cases where the marker genotype at the E locus was “EE”, although segregation in
the selfed F1 offspring revealed a “Ee” genotype. We selfed one to four parents of each homozygous genotype category, and one to four parents of each simple
or double heterozygous genotype category. The genotype of the two “SR_S” parents was inferred using only the segregation pattern of their selfed offspring. The
markers were designed to map resistance to C1, C19 and P20 in the Aegelsee population, using the three main resistotypes only: RR_S, RR_Rand SS_S, and
were consequently not linked to the genotype in SR__  individuals. FO parents correspond to females caught from plankton (clone name starting with “CH”) or
hatched from resting eggs (clone name starting with “t”) collected from the natural population between 2011 and 2016. Differences in offspring number between
the genotype and the phenotype correspond to instances where either genetic markers analysis did not work, or attachment test was not conducted because the
D. magna clone got extinct.

n (offspring) .
. Segregation
Resistotype Inferred genotype  Repeat name Parent clone name Genotype Phenotype results
n=1274 n =1266
RR_S CCEE a t3_12.3_1i_12 43 43 Table S1.4
b t3_12.3_1i_21 37 37
RR_S CCEe a CH-2015-36 89 89 Table S1.5
b t3_12.3_1 31 31
c CH-H-2015-49* 81 79
[ RRR | CCee a CH-H-434-inb2-1 39 39 Table $1.6
b t1.10.3_2 42 42
c CH-H-2015-16 66 70
d CH-H-2016-b-70 84 79
RR_S CcEE a t2_17.3_4i_12 19 19 Table S1.7
RR_S CcEe a t3_14.3_1 47 48 Table S1.8
b t2_17.3_4 32 34
c t2_17.3_1 80 64
d CH-H-2015-59* 61 65
[ RRR | Ccee a t1_10.3_4 36 36 Table $1.9
b t5.10.3_3 49 49
CH-H-434-inb2-2 21 22
SS_S ccEE a CH-H-2015-97 89 87 Table $1.10
SS_S ccEe a CH-H-2015-113 82 84 Table $1.11
t4_10.3_16 63 65
SS_S ccee a t4_13.3_2 76 74 Table S1.12
CH-H-2015-86 36 35
USRS BbeceE a wesr T B A Table §1.13 ™
SR S BbccEe a t0_28.2_43 36 38 Table $1.14
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Predictions of segregation patterns

Documents S1.1 and S1.2

Implementation of the genetic model of resistance using the “peas” package. Doc. 81.1: Variation at the C and E loci. Doc §1.2: Variation at the B, C and E loci.

Document S1.1

Implementation of the genetic model of resistance using the “peas” package. Variation at the C and E loci. The R package “peas” is available at https:/github.
com/JanEngelstaedter/peas. We consider variation at the C and E loci. In step 2.1 we define the genetic system as two loci: C and E presenting each two alleles.
Both loci sit on different linkage groups. In step 2.2 we set the genetic model itself, defining resistance genotypes and their corresponding resistance phenotypes
(resistotypes). Resistotypes are presented as resistant (R) or susceptible (S) to the bacteria strains C1, C19 and P20, in that order. Resistance to the bacteria is
dominant for the C locus (Metzger et al. 2016) whereas resistance is recessive at the E locus. The dominant allele at the C locus confers resistance to C1 and
C19. The recessive allele at the E locus confers resistance to P20. The epistatic interaction acts between the C and the E loci. Recessive individuals at C locus are
susceptible to P20, regardless of their genotype at the E locus. The genetic model produces 9 possible genotypes coding for 3 different resistotypes. The number
of possible genotypes corresponds to the draw of one element among three (AA, Aa or aa genotype) two consecutive times (at two different loci): n(possible geno-
types) = 2(3}1) = 9. In step 3 we produce the expected results from the selfing of FO mothers with all possible combinations of the two loci C and E and store them

in a spreadsheet (Results section Table 1.1 & Supplementary Tables S1.4 to S1.12).

Genetic model for resistance to
P20 in the Aegelsee

implemented in peas R package
1. Install the package

#install.packages(“devtools”)
#devtools::install_github(“JanEngelstaedter/peas’,
build_vignettes = TRUE)

library(peas)

C_E genetic model of resistance

2. Set up the genetic model
2.1 Defining the genetic system

# 2 loci with 2 alleles each, on different chromosomes
CE <- newGenopheno(nloci = 1,

alleleNames = list(c(“c”, “C")))
CE <- addLinkageGroup(CE, alleleNames = list(c(“¢”,

‘E))
CE

## Genetic system comprising 2 linkage groups:

## Linkage group 1: autosomal, 1 locus

## Alleles atlocus 1: ¢, C

## Linkage group 2: autosomal, 1 locus

## Alleles atlocus 1: e, E

## No phenotypes defined.

2.2 Set genotypes and their corresponding

phenotypes: THE GENETIC MODEL

CE <- setPhenotypes(CE, “S/R",“__ | _"'SS_R") #
default all recessive --> SS_R

# (we don’t take the epistasis relation into account,
this will be the last line of the model)

CE <- setPhenotypes(CE, “S/R”, “C
-->Rto C1and C19
CE <- setPhenotypes(CE, “S/R”, “C_| E_"/RR_S") # E

RR_R") # C

-->Sto P20

CE <- setPhenotypes(CE, “S/R”, “cc| _"’SS_S") # cc
--> Sto P20, hides E

Summary of model

CE

## Genetic system comprising 2 linkage groups:

## Linkage group 1: autosomal, 1 locus

## Alleles atlocus 1: ¢, C

## Linkage group 2: autosomal, 1 locus

## Allelesatlocus 1: ¢, E

## Phenotypes defined for the following traits:

## S/R (trait values: SS_S, RR_R, RR_S)

List of all possible genotype combinations and

corresponding phenotypes

CEallgeno<-getPhenotypes(CE)
CEallgeno # all possible combinations

##  S/R

## cc| ee SS_S
## Cc | ee RR_R
## CC | ee RR_R
## cc | Ee SS_S
## Cc | Ee RR_S
## CC | Ee RR_S
## cc | EESS_S
## Cc | EERR_S
## CC | EERR.S

nrow(CEallgeno) # 9 possible genotypes

##[1]9

nrow(unique(CEallgeno)) # 3 possible resistotypes

##1[1]3

3. Predict crosses

CEcombi<-row.names(CEallgeno) # all possible geno

combinations from the model

CEcombi<-c(CEcombi[9],CEcombi[6],CEcombi[3],
CEcombi[8],CEcombi[5],CEcombi[2],
CEcombi[7],CEcombi[4],CEcombi[1]) # reorder

them (optional)

allcrossCE<-list() # create empty list to store the
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crossing results

library(xlsx)

# for all the nine possible combinations with C and E
varying (FO mothers)

# we calculate the genotypes and phenotypes fractions

in the F1 offspring with the predictCross function
(from the selfing of FO mothers)

for (iin 1:9) {

“w:n

# using the “CE” genetic model, we cross the “i
combination with itself

allcrossCE|[[i]]<-predictCross(CE, CEcombil[i],
CEcombili])

# we add the corresponding resistotypes to the
genotype output
allcrossCE[[i]]$genotypes$SRtrait <-
getPhenotypes(CE, equivalent = “none”)[row.
names(allcrossCE[[i]]$genotypes), ]

# we store the result in a spreadsheet (genotype
output)

write.xIsx(allcrossCE[[i]]$genotypes,”’CEcross.
xlsx”, sheetName= paste(CEcombi[i],’geno”,
as.character(i)), append=T)

# then the phenotype output in another sheet of the
same document

write.xIsx(allcrossCE[[i]|$phenotypes,’CEcross.
xlsx”, sheetName= paste(CEcombil[i],’pheno’,
as.character(i)), append=T)

}

allcrossCE

## [[1]]

## [[1]]$genotypes

## fraction SRtrait
## CC| EE 1 RR.S
#it

## [[1]]$phenotypes
## S/R fraction

## 1RR_S 1

#i#t

H#Hit

## [[2]]

## [[2]]$genotypes

## fraction SRtrait
##CC|EE 0.25 RR.S
##CC|Ee 0.50 RR.S
##CClee 0.25 RRR
#it

## [[2]]$phenotypes
## S/R fraction
##1RR_R 0.25
##2RR.S 0.75

H#Hit

#it

##[[3]]

## [[3]]$genotypes

## fraction SRtrait
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## CC | ee 1 RRR
##

## [[3]]$phenotypes

## S/R fraction

## 1RR_R 1

##

##

4 [[4]]

## [[4]]$genotypes

#it fraction SRtrait
## CC|EE 0.25 RR.S
## Cc|EE 050 RR.S
##cc|EE 0.25 SS_S
##

## [[4]]$phenotypes

## S/R fraction

## 1RR.S 0.75
##2SSS 0.25

##

##

## [[5]]

## [[5]]$genotypes

#i# fraction SRtrait
## CC|EE 0.0625 RR_S
## Cc| EE 0.1250 RR.S
## CC|Ee 0.1250 RR_S
## Cc| Ee 0.2500 RR.S
## cc| EE 0.0625 SS_S
## cc|Ee 0.1250 SS_S
## CC|ee 0.0625 RR_R
## Cc|ee 0.1250 RR.R
##cc|ee 0.0625 SS_S
##

## [[5]]$phenotypes

## S/R fraction
##1RR_R 0.1875

## 2RR_S 0.5625
##3SS_S 0.2500

##

##

#i [[6]]

## [[6]]$genotypes

#i# fraction SRtrait
##CClee 0.25 RR.R
## Cc|lee 050 RRR
##cclee 025 SS-S
##

## [[6]]$phenotypes
## S/R fraction
##1RRR 0.75
##2SS.S 0.25

##

##

## [7]]

## [[7]]$genotypes

#it fraction SRtrait
## cc | EE 1 SSS
##

## [[7]]$phenotypes
## S/R fraction
##1SS_S 1

##

##

## [[8]]

## [[8]]$genotypes

#it fraction SRtrait
##cc|EE 025 SS_S
##cc|Ee 050 SS_S
##cclee 025 SS_S
##

## [[8]]$phenotypes
## S/R fraction
##1SS_S 1

##

##

)

## [[9]]$genotypes

#it fraction SRtrait
## cc | ee 1 SS.S
##

## [[9]]$phenotypes
## S/R fraction
##1SS_S 1
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Document S1.2

Implementation of the genetic model of resistance using the “peas” package. Variation at the B, C and E loci. In step 2.1 we define the genetic system as three loci:
B, C and E presenting each two alleles. The B and C loci sit on the same linkage group and recombination rate between them is set to r2 = (1-exp(-2*23.1/100))/2 as
calculated in (Metzger et al. 2016). The E locus sits on a different linkage group. In step 2.2 we set the genetic model itself, defining resistance genotypes and their
corresponding resistance phenotypes (resistotypes). Resistotypes are presented as resistant (R) or susceptible (S) to the bacteria strains C1, C19 and P20, in that
order. Resistance to the bacteria is dominant for the B and C loci (Metzger et al. 2016) whereas resistance is recessive at the E locus. The dominant allele at the B
locus confers resistance to C19. The first epistatic interaction acts between the B and C loci. The dominant allele at the C locus confers resistance to C1 and C19,
regardless of the genotype at the B locus. The recessive allele at the E locus confers resistance to P20. The second epistatic interaction acts between the B/C loci
and the E locus. Double recessive individuals at the B and C loci are susceptible to P20, regardless of their genotype at the E locus. The genetic model produces
27 possible genotypes coding for 5 different resistotypes. The number of possible genotypes corresponds to the draw of one element among three (AA, Aa or aa
genotype) three consecutive times (at three different loci): n(possible genotypes) = 3(3,1) = 27. In step 3 we produce the expected results from the selfing of FO
mothers with all possible combinations of the three loci B, C and E and store them in a spreadsheet. From these we extract the results of the F1 selfed offspring
groups produced in the present study (Results section Table 1.2 & Supplementary Table S1.13 and S1.14).

BCE <- setPhenotypes(BCE, “S/R”, “bb~cc |

BC_E genetic model of ,
_"'SS_S”) # bb and cc --> S to P20, hides E

resistance

Summary of model

BCE

## Genetic system comprising 2 linkage groups:
## Linkage group 1: autosomal, 2 loci with recombination rate 0.1849888
library(peas) ## Alleles atlocus 1: b, B
) i ## Alleles atlocus 2: ¢, C

r2<-(1-exp(-2*23.1/100))/2 ## recombination rate  ## Linkage group 2: autosomal, 1 locus

. ## Alleles atlocus 1: ¢, E
between B and C lOCl (Metzger et al' 2016) ## Phenotypes defined for the following traits:
## S/R (trait values: SS_S, SR_R, RR_R, SR_S, RR_S)

2. Set up the genetic model

2.1 Defining the genetic system

# 3 loci with 2 alleles each, BC clustered together
(Metzger et al. 2016).

BCE <- newGenopheno(nloci = 2,
alleleNames = list(c(“b”, “B"), c(“c”, “C")),
rec =r2)
BCE <- addLinkageGroup(BCE, alleleNames =
list(c(“e”, “E")))

2.2 Set genotypes and their corresponding
phenotypes: THE GENETIC MODEL

BCE <- setPhenotypes(BCE, “S/R”, “_~
# default all recessive --> SS_R

# (we don'’t take the epistasis relation into account,
this will be the last line of the model)

| _"’SS_R”)

BCE <- setPhenotypes(BCE, “S/R”, “B_~__|
_"JSR.R")#B-->RtoC19

BCE <- setPhenotypes(BCE, “S/R”, “B_~__|
E_"SR_S") # E -->Sto P20

BCE <- setPhenotypes(BCE, “S/R”,“_~C_|
_"VRR_R") # C hides B and --> R to C1 and C19

BCE <- setPhenotypes(BCE, “S/R”,“_~C_|
E_VRR_S") # E --> S to P20

List of all possible genotype combinations and
corresponding phenotypes

BCEallgeno<-getPhenotypes(BCE)
nrow(BCEallgeno) # 27 possible genotypes

##[1] 27

nrow(unique(BCEallgeno)) # 5 possible resistotypes

##[1]5

3. Predict crosses

BCEcombi<-row.names(BCEallgeno) # all possible
geno combinations from the model
allcrossBCE<-list() # create empty list to store the
crossing results

library(xlsx)

for (iin 1:27) {

“wn

# using the “BCE” genetic model, we cross the “i
combination with itself
allcrossBCE[[i]]<-predictCross(BCE, BCEcombil[i],
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BCEcombi[i]) ## BB~cc | EE 0.0625 SRS
## Bb~cc | EE 0.1250 SRS

## BB~cc|Ee 0.1250 SR_S
## Bb~cc | Ee 0.2500 SR_S
## bb~cc | EE 0.0625 SS_S

# we add the corresponding resistotypes to the ##bb~cc| Ee 0.1250 SS.S
## BB~cc|ee 0.0625 SRR
genotype output ##Bb~cc|ee 0.1250 SRR
; ; _ ## bb~cc|ee 0.0625 SS_S
allcrossBCE[[i]]$genotypes$SRtrait < b
getPhenotypes(BCE, equivalent = “none”)[row. ## $phenotypes
## S/R fracti
names(allcrossBCE[[i]]$genotypes), | 41 SQ_R“SQ‘;';S

## 2 SRS 0.5625
## 3 SS_.S 0.2500

# we store the result in a spreadsheet (genotype match(“Bb~cc | EE", BCEcombi) # position 20

output) ##[1] 20
write.xlsx(allcrossBCE[[i]]$genotypes,”BCEcross. allcrossBCE[[20]]

xlsx”, sheetName= paste(BCEcombi[i],’geno’, —

as.character(i)), append=T) ##  fraction SRtrait

## BB~cc| EE 0.25 SRS

{ ## Bb~cc|EE  0.50 SR_S
# then the phenotype output in another sheet of the i bboce |EE 025 555

same document ##
- . ,, ## $ph
write.xIsx(allcrossBCE[[i]]$phenotypes, BCECrOSS. 4y $/x fration

xlsx”, sheetName= paste(BCEcombi[i],’pheno’, s
as.character(i)), append=T)} i

# get a specific crossing

match(“Bb~cc | Ee”, BCEcombi) # position 11

## 1] 11

allcrossBCE[[11]]

## $genotypes
#i# fraction SRtrait

Linking the phenotype to the genotype

Tables S1.20 and S1.21

Markers developed around GWAS peaks and further used to genotype selfed offspring at the C and E loci. DMPR (Daphnia magna—Pasteuria ramosa) markers in-
formation. Map 2.4 corresponds to the currently available D. magna draft genome version 2.4 (Routtu et al. 2014). DMPR1 and 2 are physically linked to the C locus
while DMPRS3 and 4 are physically linked to the E locus. According to the genetic model underlying resistance to P. ramosa yielded from the GWAS analysis and
previous studies (Metzger et al. 2016), resistance is dominant at the C locus (resistance to C1 and C19) whereas resistance is recessive at the E locus (resistance
to P20). In addition, an epistatic relationship linking both loci confers susceptibility to P20 to an individual that shows susceptibility to C1 and C19, disregarding the
individual genotype at the E locus. This model is described in Fig. 1.5. In individuals showing resistance to C1 and C19 (RR___ phenotype, “Cc” or “CC” genotype),
DMPR1 and 2 display either a heterozygous pattern with an allele linked to the C locus dominant allele (called R allele) and a recessive allele (S allele) (“Cc”
genotype) or a homozygous pattern with one (or two: R1 and R2) dominant allele(s) (“CC” genotype). Note that at markers DMPR1, 3 and 4, two R alleles (called
R1 and R2) are found, although R1 and R2 of DMPR4 have identical size. In individuals showing susceptibility to C1 and C19 (SS___ phenotype, “cc” genotype),
DMPR1 and 2 display a homozygous pattern with an allele linked to the C locus recessive allele (called S allele) (“cc” genotype). In individuals showing resistance
to C1 and C19 (without epistatic relationship between C and E loci) and susceptibility to P20 (RR_S phenotype, “Ee” or “EE” genotype at E locus), DMPR3 and
4 display either a heterozygous pattern with an allele linked to the E locus dominant allele (called S allele) and a recessive allele (R allele) (‘Ee” genotype) or a
homozygous pattern with an allele linked to the E locus dominant allele (called S allele) (‘EE” genotype). In individuals showing resistance to C1 and C19 (without
epistatic relationship between C and E loci) and resistance to P20 (RR_R phenotype, “ee” genotype at E locus), DMPR3 and 4 display a homozygous pattern with
an allele linked to the E locus recessive allele (called R allele) (‘ee” genotype). In individuals susceptible to C1 and C19 (SS___ phenotype), DMPR3 and 4 can
show one of the three patterns described above (corresponding to “Ee”, “EE” or “ee” genotype) because of the epistatic relationship linking the C and the E loci.
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Table S1.20

DMPR (Daphnia magna-Pasteuria ramosa) markers information. A: Description of the positions and sizes of the markers. All primers were used in the same master
mix. The size of a marker corresponds to the size of the sequence from the beginning of the F-primer to the end of the R-primer on the reference genome (map 2.4):
size marker = end position - start position of the marker. B and C: Description of primers and motifs. Reference motifs correspond to the motifs that are present
in the reference genome (map 2.4). The size of an amplicon is calculated as follows: size amplicon = size of the marker - size of the reference motif + size of the
motif of interest. For example, to obtain the size of the R1 allele of DMPR1 we get: size of DMPR_R1 amplicon = size of DMPR1 - size of DMPR1 reference motif
+ size of DMPR1_R1 motif=118 - 31 + 2 = 89. D: Expected marker signatures for all possible genotypes. Here we consider alleles as the observable peaks yielded
by the marker analysis, as two copies of the same sequence in a homozygous individual will be observed as a single amplicon of a given size. A “resistance” (R)
or “susceptibility” (S) allele does not necessarily confer resistance or susceptibility to the individual that carries it. Resistance phenotype will depend on the genetic
model described above. For DMPR1, 3 and 4, we expect R homozygous individuals (“CC” or “ee” genotype) to present one of the two R alleles (R1 or R2) or both.
Heterozygous individuals (“Cc” or “Ee” genotype) should present one R allele (R1 or R2) together with the S allele. Finally, S homozygous individuals (“cc” or “EE”
genotype) should present only the S allele. Similarly, for DMPR2, we expect R homozygous individuals to present only the R allele (R1), heterozygous individuals
to present the R allele (R1) together with the S allele and S homozygous individuals should present the S allele. Note that for DMPR4, because both R1 and R2
alleles have the same size, they will appear as a single peak during the marker analysis.

. Locus to
Name of ?:;‘;Z':::z:: which marker ~ Scaffold  Start position of the End position of the  Size of the marker Position of the motif
marker (M) is physically ~ (map 2.4) marker (map 2.4) marker (map 2.4) (bp) (map 2.4) (map 2.4)
H linked
DMPR1 0,1 C 944 1350608 1350726 18 1350644
DMPR2 0,1 C 944 1563359 1563543 184 1563391
DMPR3 0,6 E 2167 19662 19874 212 19793
DMPR4 0,6 E 2560 81434 81570 136 81471
B Name of  Sequence of forward (F) F Primer Sequence of reverse (R) R Primer Melting . RM length
. . . . tempera- Reference motif (RM) (map 2.4)
marker primer size (bp) primer size (bp) o (bp)
ture (°C)
DMPR1  ACAGCACGTCTCCGACTAAGG 21 GACGCCAAMAMCTACGCAACC 21 50  AAACGCACGGATCCTATATGTATCGAGCTTA 31
DMPR2  CAAATCTGCAATGGAATGAAAG 22 AACGCAACCGTTACGGTTAC 20 50 CTCCTGCTGGCT 12
DMPR3 TTACGTTCGGTTTGGCTCCG 20 TGAAACATTGGTAAGAGACG 20 48 TACAACAACAACAACAACAACAA 23
DMPR4 GATAGATATTTATTGAACAG 20 TTTTGTCTTCGGAAGAACG 19 48 AATGCCTCCATGCCTCCATGCCTCCA 26
C Name of Motif of allele(s) confering Motif R1 Motif R2 Motif of allele confering Motif S Size of R1 Size of R2 Size of S

resistance (R1 and R2) (dominant at length length  susceptibility (S) (recessive at  length amplicon amplicon amplicon
C-locus and recessive at E-locus)  (bp) (bp)  C-locus and dominant at E-locus)  (bp) (bp) (bp) (bp)

DMPR AAATGCATATGTA;\'I’:TATCGAGCTTA; ) 2% y 89 13 18

DMPR2 ATCCTGCTGGCT 12 NA ATCG 4 NA 176
DMPR3 TACAAC/-\ACAACAACAACAACAA’/-\ 22 23 TACAACAACAACAAAAA 17 212 206

marker

AATGCCTCCATGCCTCCA;
DMPR4 AATACCTCCATGCCTCCA 18 18 _ 26 128 128 136
D Name of Expected rf‘a’!“’t’ SIQHf turf Ofs ,  Expected marker signature of heterozygous Expected n.1arl.(e.r mgnftuie of“S "
homozygous individual (“CC” or “ee . A e homozygous individual (“cc” or “EE
marker individual (“Cc” or “Ee” genotype)
genotype) genotype)
DMPR1 R1/R2orR1+R2 R1+SorR2+S S
DMPR2 R1 R1+S S
DMPR3 R1/R2orR1+R2 R1+SorR2+S S
DMPR4 R1/R2orR1+R2 R1+SorR2+S S
Table S1.21
PCR reaction cycles using DMPR1 to 4.
Temperature Time Cycles
95°C 15 min
94 °C 30 sec
60 °C 1 min 30 sec 30 x
72°C 1 min 30 sec
94 °C 30 sec
47°C 1 min 30 sec 10 x
72°C 1 min 30 sec
72°C 10 min
8°C 0
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Seasonal epidemics—Environment and ecology in the Aegelsee
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Figure S2.1

Environmental conditions and sexual reproduction of Daphnia magna in the Aegelsee. A: Water temperature rise in the
Aegelsee goes hand in hand with the appearance of the Pasteuria ramosa epidemics in the D. magna population. Water
temperature: a temperature logger was installed in the pond from 2011 to 2018. No data is plotted in July 2013 because
of vandalism of the data logger. The yearly temperature peaks in early October represent the release of warm ammoniacal
condensation water in the pond. Pasteuria prevalence: red area plot represents P. ramosa prevalence in the D. magna
population from 2011 to 2018. The grey horizontal line represents a water temperature threshold of 15 °C. When the water
temperature rises above about 15 °C, the bacterial epidemics starts. B: Water level in the Aegelsee. Water level above
sea level (a.s.l.) was read on a fixed floating device installed in the pond where the animals were sampled. We measured
water level during the active season of the D. magna, from early April to early October. During this period, water level
decreases progressively because of evaporation and agricultural and industrial use of the water. Solid line corresponds
to data collected during the sampling period while dashed line corresponds to inferred data. Note that 403 m a.s.l. is the
lower limit of the floating device. Every year in early October, warm condensation water is released in the pond. Over
winter the pond is progressively filled up to a level of about 405 m a.s.l. C: Daphnia species density in the Aegelsee,
measured as the number of individuals per liter of water. We sampled the water column during the active season, from
early April to early October. From 2011 to 2013, pond water was directly sampled in 1-L bottles. From 2014 on, a plankton
net was used. These two protocols created a four-fold magnitude difference between values obtained in 2011-2013 and
2014-2018, which we represent on distinct y-axes. Daphnia species were subsequently determined in the laboratory. As
D. pulex and D. curvirostis are difficult to tell apart, a subset of 100 individuals of these two species was used to infer their
respective densities in 2014, 2016, 2017 and 2018. They are pooled in the other years. In early October, warm ammoni-
acal condensation water is released in the pond, killing all plankton. No Daphnia overwinter in this population, neither do
resting stages hatch before early April. D: D. magna male production in the Aegelsee. We counted males in a subset of
100 D. magna at each collection point from 2016 to 2018. E: D. magna ephippia production in the Aegelsee. Five to nine
sediment traps were installed on the pond floor and retrieved at each collection date in 2014, 2015, 2017 and 2018. The
y-axis represents ephippia number relative to the total number of ephippia counted in the season.
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Discussion S2.1
Environmental and ecological variables in the Aegelsee.

We observe cyclical changes in different environmental variables. Every year, the Daphnia magna population emerges when water temperature reaches about 12
°C (Supplementary Fig. S2.1A). Temperature then increases to about 25 °C in summer, occasionally reaching peaks of 30 °C. In October, the warm ammoniacal
condensation water is released in the pond, bringing temperature to 35-50 °C (Supplementary Fig. S2.1A). The main increase in parasite prevalence occurs when
water temperature rises above 15 °C (Supplementary Fig. S2.1A). Water level in the Aegelsee is managed to make room for inflow of the condensation water in
Fall. Therefore, every year the water level is lowered by about two meters over the course of the season. At its lowest level in late September, more than 80% of
the pond sediments are exposed and the maximum water level is about one meter (Supplementary Fig. S2.1B). Daphnia density shows irregular dynamics with a
first peak typically in early summer, but further peaks may follow later. In most years, D. magna increases in relative frequency among all Daphnia species (Sup-
plementary Fig. S2.1C). We observe one or two peaks of D. magna male density during the season (Supplementary Fig. S2.1D). We did not estimate the number
of sexual females in the population, we instead collected resting stages in the sediment traps. Sexual egg counts cannot directly be compared with the frequencies
of males, as they are time-shifted.

We observe a correlation between temperature cycles and Pasteuria ramosa epidemics in the D. magna Aegelsee population. Animals are observed to be infected
by the bacteria as temperature rises above 15 °C every year in late April. We infer that epidemics are possibly influenced by water temperature, although the
phenology of many other environmental factors may play a role. For example, longer day length, increased Daphnia density and lower water level (Supplementary
Fig. S2.1). It has been suggested that parasite-mediated selection in the D. magna-P. ramosa system is strongest at 20-25 °C (Mitchell et al. 2005; Vale et al.
2008). Given climate change model predictions of pond warming and longer seasons with temperatures above 15 °C, selection for resistance can thus be expected
to intensify in our study population. Warming could also affect the evolution of stress tolerance, as exposure to the pathogen disrupts the host’s ability to cope with
thermal stress in this system (Hector et al. 2019). Environmental factors may also change the mode of selection: it has been shown that, under some temperature
and food availability conditions, hosts in this system become more tolerant, thus potentially increasing parasite prevalence and slowing down coevolution (Vale et
al. 2011). Parasite fitness may also be influenced by the interaction of genotype and environmental factors such as temperature and food availability (Vale and Little
(2009), in a plant-parasite system: Laine 2007). Thus, while natural selection on resistance is precipitated on a high specificity of host-parasite interactions in the
D. magna-P. ramosa system, it may also be linked to environmental conditions.

In the D. magna-P. ramosa system, host-parasite specificity is high, and spore attachment is not known to be influenced by environmental factors (Duneau et al.
2011; Luijckx et al. 2011). However, other host and parasite traits are influenced by the environment and there is intra-specific variability in how different genotypes
respond to different environmental conditions (reviewed in Ebert et al. 2016). Temperature was found to influence infectivity and spore production in the parasite
in the present system (Vale et al. 2008; Vale and Little 2009) and in the D. dentifera-P. ramosa system (Duffy and Hunsberger 2019). In the host, temperature
was found to influence virulence in the present system (Mitchell et al. 2005) and filtering rate and parasite prevalence in a D. laevis-fungal host-pathogen system
(Dallas and Drake 2016; Kirk et al. 2018; Kirk et al. 2019). Temperature also increased epidemic size in two mesocosm experiments, in the present system (Auld
and Brand 2017) and in a D. dentifera-fungal parasite system (Shocket, Strauss, et al. 2018). This was explained in the latter Daphnia—fungus system by an
increase of the transmission rate, composed of infectivity and foraging rate (Shocket, Vergara, et al. 2018). Nutrient availability increased tolerance of D. magna
to P. ramosa, and increased spore production in the parasite, irrespective of temperature variations (Vale et al. 2011). Nutrient availability has also been shown to
have a differential impact on fecundity and survival in distinct D. magna genotypes, leading to differential consequences of infection by a viral parasite (Reyserhove
et al. 2017). Epidemiological variables such as prevalence, virulence, transmission rate and infection rate are thereby shaped by environmental variables (Hite
and Cressler 2018).

Selection and sexual reproduction

Figures S2.2 to S2.4

The Daphnia magna overwintering resting stages in the Aegelsee. The Daphnia magna population in the Aegelsee goes
through a cyclical pattern of resistotype (resistance phenotype) frequency. Resistant phenotypes increase in frequency
over the course of the epidemics but resistotype diversity is created anew each spring via the hatching of the resting
stages overwintering population. We collected and hatched ephippia laid in the water column by the planktonic population
of D. magna throughout the active season in 2014, 2015, 2017 and 2018 using sediment traps (Supplementary Fig. S2.2).
We subsequently collected and hatched ephippia from surface sediment in winter 2014 as a representative sample of
the spring D. magna cohort (Supplementary Fig. S2.3). Supplementary Figure S2.4 represents planktonic, ephippia and
hatchling data together as a timeseries.
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Figure S2.2

Hatching of the Daphnia magna overwintering resting stages in the Aegelsee. Ephippia were collected in 2014, 2015,
2017 and 2018 during the active season. We used five to nine sediment traps at each collection date. Ephippia were sub-
sequently stored at 4 °C to mimic the resting period and hatching was induced the following spring by placing the ephippia
in outside containers. In 2014, the first ephippia sample was lost. In 2015, no ephippia hatched from the last sample
because of exposure to the warm ammoniacal condensation water released into the pond at the end of the season. A:
relative proportion of ephippia laid in the water column during the active season of D. magna. B and C: Number of resting
stages per ephippium. On a subset of ephippia not used in the hatching experiment, we counted the number of resting
stages present in the ephippial case. In ephippia collected in 2014, egg number was counted after the hatching experi-
ment. This is why we do not plot it here, but we did use the values to infer hatching success (see E below). We checked
ten to 20 ephippia for a minimum of two repeats at each collection date. B: Number of resting stages per ephippium, as
the proportion of ephippia containing zero, one or two resting stages. C: Number of resting stages per ephippium, as the
mean number of resting stages in the ephippial case. D: Hatching rate and pattern of collected ephippia. We induced
hatching of the collected resting stages by putting 20 to 100 ephippia; depending on how many were collected; of each
repeat of each collection date in outside containers. Resting stages collected in 2014, 2015 and 2017 were induced on
18 March 2015, 11 April 2016 and 29 March 2018, respectively. Hatching was monitored every second day. Vertical
graphs represent the relative proportion of hatchlings over time after hatching induction. Each vertical graph represents
ephippia from each collection date during the season. The different repeats for each collection date are pooled in one
vertical graph. The y-axis (x-axis of the vertical graphs) is the number of days since hatching induction. In 2017, the total
proportion of hatchlings across repeats and collection dates is presented. Resting stages collected on the last collection
date of 2015 did not hatch because the warm ammoniacal condensation water had been released before our sampling.
Variation across years might be due to the different hatching induction dates in the different years. E: Hatching success.
We calculated hatching rate for each repeat for each collection date. We used the total number of hatchlings and the total
number of resting stages induced, inferred from the subset of ephippia opened (B & C). For resting stages collected in
2014, only the number of remaining resting stages after hatching induction was counted. We inferred the total number of
induced resting stages by adding the number of remaining resting stages to the total number of hatchlings. F: Resistotype
(resistance phenotype) of hatched animals. Hatchlings were cloned in the laboratory to assess their resistotype. We
tested 20 D. magna clonal lines (clones) for each repeat for each collection date, resulting in about 100 clones for each
collection date.
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A Figure S2.3
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Figure S2.4

Daphnia magna overwintering resting stages in the Aegelsee, collected in the water column throughout the active season. The spring D. magna cohort hatches
from the resting stages present in the pond sediment. Throughout the active season (from early April to early October), D. magna reproduce asexually (clonal
eggs) and sexually (fertilized resting stages). The resting stages create the overwintering population. In early October, warm condensation ammoniacal water is
released in the pond, killing all plankton but not the resting stages. In winter, no ephippia hatch. Planktonic: Resistotype frequency in the D. magna population from
2014 to 2018. A large batch of animals was collected from early April to early October every 2-4 weeks to clone about 60 to 100 females. The resistotype is the
full resistance phenotype to five Pasteuria ramosa isolates: C1, C19, P15, P20 and P21. Resistance and susceptibility are denoted as R and S, respectively. Note
that in different years, different numbers of P. ramosa isolates were tested. We use the placeholder “_" in the resistotype when a bacterial isolate was not tested.
Resistance to P20 is highlighted because of its importance in the evolution of the host population (Ameline et al. 2021). Ephippia: relative number of D. magna
ephippia laid in the pond. Five to nine ephippia traps were set up in 2014, 2015, 2017 and 2018 and collected every 2-4 weeks from early April to early October.
We plot the mean number of ephippia per trap at each timepoint divided by the total mean number of ephippia laid during the whole year. Time on the x-axis rep-
resents the middle point between setup and collection of the traps. Hatching: D. magna resting stages collected in 2014, 2015 and 2017 were hatched in outside
containers the following spring, after a resting period at 4 °C. In each container, 20 to 100 ephippia per trap per timepoint were placed, depending on how many
were collected. Hatched animals were cloned in the laboratory. In Daphnia, hatchlings from resting stages are female, which allows to clone them. We measured the
resistance phenotype (resistotype) of 20 clones per trap per timepoint, resulting in 100 clones per timepoint. Weighted sum: weighted sum of D. magna resistotype
frequency from hatched ephippia. Total D. magna resistotype frequency from hatched ephippia weighted by the relative number of ephippia laid at each timepoint.
The weighted sum of resistotype frequency represents the overwintering resting stages. In 2014, the first ephippia sample was lost. In 2015, no ephippia hatched
from the last sample because of exposure to the warm ammoniacal condensation water released into the pond at the end of the season.
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Calculation of expected resistotype frequencies in resting stages
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Figure S2.5

Genetic model of resistance in the Aegelsee. The model includes resistotypes to C1, C19, P15 and P20 Pasteuria ramosa
isolates. Resistance to C1 and C19 determined by the ABC cluster was described in Metzger et al. (2016). The dominant
allele at the B locus induces resistance (R) to C19 and susceptibility (S) to C1. The dominant allele at the C locus confers
resistance to both C1 and C19 P. ramosa isolates, regardless of the genotype at the B locus. Variation at the A locus is
not considered here as the recessive allele at this locus is believed to be fixed in the population (Ameline et al. 2021). The
D-locus determines resistance to P15 (Bento et al. 2020). The E locus determines resistance to P20 (Ameline et al. 2021).
Resistance is dominant at the B and C loci (resistance to C1 and C19) whereas resistance is recessive at the D and E
loci (resistance to P15 and P20, respectively). Recessive homozygosity at the B and C loci induces susceptibility to P20,
regardless of the genotype at the E locus (Ameline et al. 2021). Hence the epistasis can only be observed phenotypically
in “bbccee” (SS_S) offspring. If the epistatic relationship is not present in this case, the observed phenotype would be
SS_R. Such SS_R individuals were never observed in the population. Resistotypes determined by the “B-" and the “dd”
genotype, regardless of the genotype at other loci, are very rare or do not occur in the D. magna population. We assume
the B and the d alleles are rare in the population and might induce poor fitness. We implement this genetic model of resis-
tance in the D. magna-P. ramosa system in the “peas” R package (Supplementary Doc. S2.1). We subsequently test the
model using resting stages hatching data (Supplementary Figs. S2.6 and S2.7, Tables S2.1 and S2.2).
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Figs. S2.6 and S2.7, Tables S2.1 and S2.2

Predicted resistotype frequency resulting from resting stages hatching in the Aegelsee.

Using the genetic model of resistance inheritance in the Daphnia magna-Pasteuria ramosa system, we calculate predict-
ed resistotype frequency resulting from hatching of D. magna resting stages, or ephippia, produced throughout the active
season. We compare this expected resistotype frequency to the observed resistotype frequency obtained from hatching
of field-collected resting stages. The genetic model and calculations are described in Supplementary Fig. S2.5, Doc.
S2.1, Doc. S2.2 and Fig. S2.8. In short, we use three input datasets: (i) the longitudinally observed resistotype frequency,
from the FO generation performing sexual reproduction during the active season, (ii) the predicted F1 resistotype segre-
gation given by the genetic model and (iii) the genotype distribution within resistotypes in the D. magna population, the
FO generation, described here. Because we use phenotype distribution data, we input genotype distribution within each
phenotype. Figs. $2.6 and S2.7: observed vs. expected resistotype frequency resulting from resting stages hatching. We
calculate expected resistotype frequency according to different allele frequency scenarios in the D. magna population.
Tables S2.1 and S2.2: Allele frequency scenarios in the D. magna population. We use the list of possible genotypes and
their corresponding resistotypes given by the genetic model of resistance in the system. In each scenario, we fix an allele
at one or several loci and we equally distribute genotype proportions among the other loci. In resistotypes where it is not
possible to fix the allele, we equally distribute genotype proportions among heterozygous genotypes or among homozy-
gous genotypes for the alternative allele when this is the only possible genotype determining the resistotype. Table $2.2
presents the “bbDD” scenario, additionally implemented with observed allele frequency at the C and E loci. Observed C
and E loci allele frequency were measured in spring sample (Ameline et al. 2021).

. scenario “bbDD”: the “bb” and “DD” genotypes are fixed in all possible resistotypes.
. scenario “bb”: the “bb” genotype is fixed in all possible resistotypes.

. scenario “BB”: the “BB” genotype is fixed in all possible resistotypes.

. scenario “CC”: the “CC” genotype is fixed in all possible resistotypes.

. scenario “DD”: the “DD” genotype is fixed in all possible resistotypes.

. scenario “ee”: the “ee” genotype is fixed in all possible resistotypes.

. scenario “EE”: the “EE” genotype is fixed in all possible resistotypes.

. scenario “hetero”: all loci show heterozygous genotype in all possible resistotypes.

Note: we use four-letter resistotype because the genetic model of resistance includes resistance to the four P. ramosa
isolates C1, C19, P15 and P20.
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Figure S2.6

Expected resistotype frequency resulting from resting stages, or ephippia, laid throughout the active season of Daphnia
magna. We use the genetic model of resistance inheritance in the Daphnia magna-Pasteuria ramosa system, presented
in Supplementary Fig. S2.5. Allele frequency scenarios are detailed in Supplementary Table S2.1.
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Figure S2.7

Expected resistotype frequency resulting from resting stages produced throughout the active season of Daphnia magna.
We use the genetic model of resistance inheritance in the Daphnia magna-Pasteuria ramosa system, presented in
Supplementary Fig. S2.5. This allele frequency scenario produces an expected resistotype distribution that fits best the
observed one. The scenario is detailed in Supplementary Table S2.2.
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Table S2.1

Genotype distribution scenarios in the Aegelsee Daphnia magna population. In each scenario we fix an allele at one or two loci and we equally distribute proportions
in the remaining possible genotypes, within each resistotype. In resistotypes where it is not possible to fix the allele, we equally distribute genotype proportions
among heterozygous genotypes or among homozygous genotypes for the alternative allele when this is the only possible genotype determining the resistotype.
The genetic model described in Supplementary Fig. S2.5 provided the list of possible genotypes and their corresponding resistotypes. The different scenarios are
described above. This table corresponds to the “freq” table described in Supplementary Doc. S2.2 and Fig. S2.8.

Scenarios of genotype distribution within resistotypes

Phenotype Genotype

bbDD bb BB cc cc dd DD ee EE hetero
bb~Cc | dd | ee 12 12 13 16 1/6 116 1/6
Bb~Cc | dd | ee 113 116 1/6 116 1/6 1
BB~Cc | dd | ee 112 13 116 1/6 116 116
bb~CC | dd | ee 112 12 13 116 1/6 116 1/6
Bb~CC | dd | ee 113 116 1/6 116 1/6
BB~CC | dd | ee 112 13 116 1/6 116 116
RRSR bb~Cc | Dd | ee 114 116 116 112 112
RRSR Bb~Cc | Dd | ee 116 116 112 112 1
RRSR BB~Cc | Dd | ee 114 116 116 112 112
RRSR bb~CC | Dd | ee 114 1/6 116 112 112
RRSR Bb~CC | Dd | ee 116 116 112 112
RRSR BB~CC | Dd | ee 114 1/6 116 112 112
RRSR bb~Cc | DD | ee 112 114 116 1/6 112 112
RRSR Bb~Cc | DD | ee 116 116 112 112
RRSR BB~Cc | DD | ee 114 116 1/6 112 112
RRSR bb~CC | DD | ee 112 114 1/6 1/6 112 112
RRSR Bb~CC | DD | ee 1/6 116 112 112
BB~CC | DD | ee 114 1/6 1/6 112 112
Bb~cc | dd | ee 1 1 112 112 112 112 112 112 1
BB~cc | dd | ee 1 112 112 112 112 112 12
Bb~cc | Dd | ee 12 114 1/4 112 114 114 1
BB~cc | Dd | ee 112 114 1/4 112 114 1/4
Bb~cc | DD | ee 1 12 114 1/4 112 114 1/4
BB~cc | DD | ee 112 114 1/4 112 114 1/4
bb~Cc | dd | Ee 114 114 116 112 112 16
Bb~Cc | dd | Ee 116 112 112 116 1
BB~Cc | dd | Ee 114 116 112 112 116
bb~CC | dd | Ee 114 114 1/6 112 112 116
Bb~CC | dd | Ee 1/6 112 112 116
BB~CC | dd | Ee 114 1/6 112 1712 116
bb~Cc | dd | EE 114 114 116 112 112 1/6
Bb~Cc | dd | EE 116 112 112 116
BB~Cc | dd | EE 114 116 112 112 116
bb~CC | dd | EE 114 114 1/6 112 112 116
Bb~CC | dd | EE 1/6 112 112 1/6
BB~CC | dd | EE 114 1/6 112 1712 1/6
bb~Cc | Dd | Ee 118 112 112 112
Bb~Cc | Dd | Ee 112 112 112 1
BB~Cc | Dd | Ee 118 112 112 112
bb~CC | Dd | Ee 118 112 112 112
Bb~CC | Dd | Ee 112 112 112
BB~CC | Dd | Ee 118 112 112 112
bb~Cc | DD | Ee 114 118 112 112 112
Bb~Cc | DD | Ee 112 112 112
BB~CC | DD | Ee 118 112 112 112
bb~CC | DD | Ee 114 118 112 112 112
Bb~CC | DD | Ee 112 1712 112
BB~CC | DD | Ee 118 112 112 112
bb~Cc | Dd | EE 118 112 112 112
Bb~Cc | Dd | EE 112 112 112
BB~Cc | Dd | EE 118 112 112 112
bb~CC | Dd | EE 118 112 112 112
Bb~CC | Dd | EE 112 112 112
BB~CC | Dd | EE 118 112 112 112
bb~Cc | DD | EE 114 118 112 112 112
Bb~Cc | DD | EE 112 112 112
BB~Cc | DD | EE 118 112 1712 112
bb~CC | DD | EE 114 118 112 112 112
Bb~CC | DD | EE 112 112 112
BB~CC | DD | EE 118 112 1712 112
Bb~cc | dd | Ee 112 12 114 1/4 114 1/4 112 1
BB~cc | dd | Ee 112 114 1/4 114 1/4 112
Bb~cc | dd | EE 112 112 114 1/4 114 1/4 12
BB~cc | dd | EE 112 114 1/4 114 1/4 12
Bb~cc | Dd | Ee 114 118 118 114 114 1
BB~cc | Dd | Ee 114 118 18 114 114
Bb~cc | DD | Ee 112 114 118 118 1/4 114
BB~cc | DD | Ee 114 118 118 1/4 114
Bb~cc | Dd | EE 1/4 18 1/8 1/4 14
BB~cc | Dd | EE 114 118 118 114 1/4
Bb~cc | DD | EE 112 114 118 118 1/4 114
BB~cc | DD | EE 114 118 118 1/4 114
SSRS bb~cc | dd | ee 113 113 113 113 113 113 13 1
SSRS bb~cc | dd | Ee 113 13 113 13 13 113 13 1
SSRS bb~cc | dd | EE 113 13 113 13 13 113 13 1
SSSs bb~cc | Dd | ee 116 116 116 1/6 113 112
SSSS bb~cc | DD | ee 113 116 116 116 1/6 13 112
SSSS bb~cc | Dd | Ee 116 116 116 1/6 113 1
SSSS bb~cc | DD | Ee 113 116 116 116 1/6 113
SSSS bb~cc | Dd | EE 116 116 116 116 113 112
SSSS bb~cc | DD | EE 113 116 116 116 1/6 113 112
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Table S2.2

Resistance genotype distribution scenario in the Aegelsee Daphnia magna population, producing an expected resistotype distribution that fits best the observed
one. We fix the “b” and the “D” alleles, and we distribute proportions in the remaining possible genotypes, within each resistotype, using C- and E-loci allele fre-
quency observed in spring 2015. In resistotypes where it is not possible to fix the allele, we equally distribute genotype proportions among heterozygous genotypes
or among homozygous genotypes for the alternative allele when this is the only possible genotype determining the resistotype. The genetic model described in
Supplementary Fig. S2.5 provided the list of possible genotypes and their corresponding resistotypes. This table corresponds to the “freq” table described in
Supplementary Doc. S2.2 and Fig. S2.8.

Genotype distribution within resistotypes

Phenotype Genotype
bbDD scenario and C- and E-loci allele frequency inferred

bb~Cc | dd | ee X FRRRR(Cc)=F(Cc)/(f(Cc)+f(CC))=0.65
Bb~Cc | dd | ee

BB~Cc | dd | ee

bb~CC | dd | ee x FRRRR(CC)=F(CC)/(F(Cc)+F(CC))=0.35
Bb~CC | dd | ee

BB~CC | dd | ee

bb~Cc | Dd | ee

Bb~Cc | Dd | ee

BB~Cc | Dd | ee

bb~CC | Dd | ee

Bb~CC | Dd | ee

BB~CC | Dd | ee

bb~Cc | DD | ee X FRRSR(Cc)=F(Cc)/(f(Cc)+f(CC))=0.65
Bb~Cc | DD | ee

BB~Cc | DD | ee

bb~CC | DD | ee X FRRSR(CC)=F(CC)/ (f(Cc)+F(CC))=0.35
Bb~CC | DD | ee

BB~CC | DD | ee

Bb~cc | dd | ee X fSRRR=1

BB~cc | dd | ee

Bb~cc | Dd | ee

BB~cc | Dd | ee

Bb~cc | DD | ee X fSRSR=1

BB~cc | DD | ee

bb~Cc | dd | Ee X fRRRS(Cc__Ee)=(f(Cc)*f(Ee))/((f(Cc)+Ff(CC))*(f(Ee)+Ff(EE)))=0.557
Bb~Cc | dd | Ee

BB~Cc | dd | Ee

bb~CC | dd | Ee x  fRRRS(CC__Ee)=(F(CC)*F(Ee))/((f(Cc)+F(CC))*(f(Ee)+F(EE)))=0.294
Bb~CC | dd | Ee

BB~CC | dd | Ee

bb~Cc | dd | EE x  fRRRS(Cc_ EE)=(F(Cc)*F(EE))/((f(Cc)+F(CC))*(f(Ee)+F(EE)))=0.097
Bb~Cc | dd | EE

BB~Cc | dd | EE

bb~CC | dd | EE x  fRRRS(CC__EE)=(F(CC)*F(EE))/((F(Cc)+F(CC))*(f(Ee)+f(EE)))=0.052
Bb~CC | dd | EE

BB~CC | dd | EE

bb~Cc | Dd | Ee

Bb~Cc | Dd | Ee

BB~Cc | Dd | Ee

bb~CC | Dd | Ee

Bb~CC | Dd | Ee

BB~CC | Dd | Ee

bb~Cc | DD | Ee X fRRSS(Cc__Ee)=(f(Cc)*f(Ee))/((f(Cc)+f(CC))*(f(Ee)+f(EE)))=0.557
Bb~Cc | DD | Ee

BB~Cc | DD | Ee

bb~CC | DD | Ee X FRRSS(CC__Ee)=(f(CC)*F(Ee))/((F(Cc)+F(CC))*(F(Ee)+f(EE)))=0.294
Bb~CC | DD | Ee

BB~CC | DD | Ee

bb~Cc | Dd | EE

Bb~Cc | Dd | EE

BB~Cc | Dd | EE

bb~CC | Dd | EE

Bb~CC | Dd | EE

BB~CC | Dd | EE

bb~Cc | DD | EE x  fRRSS(Cc__EE)=(f(Cc)*F(EE))/((F(Cc)+F(CC))*(f(Ee)+f(EE)))=0.097
Bb~Cc | DD | EE

BB~Cc | DD | EE

bb~CC | DD | EE X FRRSS(CC__EE)=(f(CC)*F(EE))/((f(Cc)+F(CC))*(f(Ee)+f(EE)))=0.052
Bb~CC | DD | EE

BB~CC | DD | EE

Bb~cc | dd | Ee X fSRRS(Ee)=f(Ee)/(f(Ee)+f(EE))=0.85
BB~cc | dd | Ee

Bb~cc | dd | EE X FSRRS (EE)=F(EE)/ (f(Ee)+f(EE))=0.15
BB~cc | dd | EE

Bb~cc | Dd | Ee

BB~cc | Dd | Ee

Bb~cc | DD | Ee X fSRSS(Ee)=Ff(Ee)/(f(Ee)+f(EE))=0.85
BB~cc | DD | Ee

Bb~cc | Dd | EE

BB~cc | Dd | EE

Bb~cc | DD | EE X FSRSS(EE)=F(EE)/(f(Ee)+f(EE))=0.15
BB~cc | DD | EE

bb~cc | dd | ee X fSSRS (ee)=f(ee)=0.55

bb~cc | dd | Ee X fSSRS(Ee)=f(Ee)=0.38

bb~ce | dd | EE x £SSRS(EE )= (EE)=0.07

bb~cc | Dd | ee

bb~cc | DD | ee X fSSSS(ee)=f(ee)=0.55

bb~cc | Dd | Ee

bb~cc | DD | Ee x £5SSS(Ee)=f(Ee)=0.38

bb~cc | Dd | EE

bb~cc | DD | EE X f£SSSS(EE)=f(EE)=0.07
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Figure S2.8 1.00
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Hatching modelling

Document S2.1

August 2020

April 2021

Peas implementation of the genetic model of resistance in the Daphnia magna—Pasteuria ramosa system.

Genetic model for resistance in
the Aegelsee

implemented in peas R package

BCDE genetic model
1. Install the package

#install.packages(“devtools”)
#devtools::install_github(“JanEngelstaedter/peas’, build_vignettes

= TRUE)

library(peas)
2. Set up the genetic model
2.1 Defining the genetic system

r2<-(1-exp(-2*23.1/100))/2 ## recombination rate between the B
and C loci (Metzger et al. 2016)

# 4 loci with 2 alleles each, BC clustered togheter (Metzger et al.
2016).
BCDE <- newGenopheno(nloci = 2,

alleleNames = list(c(“b”, “B”), ¢(“c”, “C")),

rec =r2)
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BCDE <- addLinkageGroup(BCDE, alleleNames = list(c(“d", “D")))
BCDE <- addLinkageGroup(BCDE, alleleNames = list(c(“e”, “E")))
2.2 Set genotypes and their
corresponding phenotypes : THE
GENETIC MODEL

BCDE <- setPhenotypes(BCDE, “S/R”,“_~_| _ | _"’SSRR") #

default all rececive --> SSRR
# (we don'’t take the epistasis relation into account, this will be the

last line of the model)

BCDE <- setPhenotypes(BCDE, “S/R”,“B_~__ | _ | _"/SRRR") # B

-->Rto C19

BCDE <- setPhenotypes(BCDE, “S/R”, “B_~__ | D_| _"SRSR") # D
-->Sto P15

# (Bento et al. 2020)

BCDE <- setPhenotypes(BCDE, “S/R”,“B_~__| _ | E_”/SRRS") # E
-->Sto P20

BCDE <- setPhenotypes(BCDE, “S/R”, “B_~__| D_| E_"’SRSS") #
BCDE <- setPhenotypes(BCDE, “S/R”,“_~C_| _| _"’RRRR") #C

hides B and --> R to C1 and C19

BCDE <- setPhenotypes(BCDE, “S/R”,“_~C_| D_| _"RRSR") #
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BCDE <- setPhenotypes(BCDE, “S/R”, “_~C_| _ | E_"/RRRS") #
BCDE <- setPhenotypes(BCDE, “S/R”,“_~C_| D_| E_"’RRSS") #

# b/c-E epistasis #

# “bbcc” genotype induces S to P20, regardless of genotype at E-locus

BCDE <- setPhenotypes(BCDE, “S/R”, “bb~cc | D_| __""SSSS") #
BCDE <- setPhenotypes(BCDE, “S/R”, “bb~cc | dd | __""SSRS”) #
Summary of model

BCDE

## Genetic system comprising 3 linkage groups:

## Linkage group 1: autosomal, 2 loci with recombination rate
0.1849888

## Allelesatlocus 1: b, B

## Alleles atlocus 2: ¢, C

## Linkage group 2: autosomal, 1 locus

## Allelesatlocus 1:d, D

## Linkage group 3: autosomal, 1 locus

## Allelesatlocus1: e E

## Phenotypes defined for the following traits:

## S/R (trait values: SSRS, SRRR, RRRR, SSSS, SRSR, RRSR, SRRS,
RRRS, SRSS, RRSS)

List of all possible genotype combinations
and corresponding phenotypes
BCDEallgeno<-getPhenotypes(BCDE)

nrow(BCDEallgeno) # 81 possible genotypes

## [1] 81

nrow(unique(BCDEallgeno)) # 10 possible resistotypes

## [1] 10

BCDEallgeno$geno<-row.names(BCDEallgeno) # add “geno”

column
BCDEallgeno<-BCDEallgeno[order(BCDEallgeno$'S/R"),] # sort

resistotypes

# rename “S/R” column as “pheno”
library(tidyverse)
BCDEallgeno<-rename(BCDEallgeno, pheno="S/R")
# export in xl file

library(xlsx)
write.xIsx(BCDEallgeno,”"BCDEallgeno.xlsx”)

3. Predict crosses

# all possible genotype crossings and their

# expected F1 genotype and phenotype segregation

cross<-matrix(list(), nrow=nrow(BCDEallgeno),

ncol=nrow(BCDEallgeno), byrow=T)

for (i in 1:nrow(BCDEallgeno)) {

for (j in 1:nrow(BCDEallgeno)) {
cross|[[i,j]]<-predictCross(BCDE,

BCDEallgeno$geno[i],BCDEallgeno$genol[j])

# we add the corresponding resistotypes to the genotype output
cross|[i,j]]$genotypes$SRtrait <- getPhenotypes(BCDE,

equivalent = “none”)[row.names(cross[[i,j]]$genotypes), |

}
}

# large matrix of 81*81=6561 elements

# example: cross between genotype#1 and genotype#2
BCDEallgeno([1,]

#i# pheno geno

## bb~Cc | dd | ee RRRRbb~Cc | dd | ee
BCDEallgeno([2,]

#i#t pheno geno

## Bb~Cc| dd | ee RRRRBb~Cc|dd | ee
cross[[1,2]]

## $genotypes

## fraction SRtrait

## bB~CC | dd | ee 0.20375279 RRRR
## bb~CC| dd | ee 0.04624721 RRRR
## bB~Cc | dd | ee 0.25000000 RRRR
## bb~Cc | dd | ee 0.25000000 RRRR
## bB~cc | dd | ee 0.04624721 SRRR
## bb~cc | dd | ee 0.20375279 SSRS
##

## $phenotypes

## S/R fraction

## 1 RRRR 0.75000000

## 2 SRRR 0.04624721

## 3 SSRS 0.20375279

# find a genotype

match(“Bb~cc | dd | EE”, BCDEallgeno$geno) # position 59

## 1] 59
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Doc. S2.2 and Fig. S2.9

Theoretical resistotype frequency resulting from ephippia hatching in the Aegelsee. Using the genetic model of resistance
in the Daphnia magna-Pasteuria ramosa system, we calculate theoretical resistotype (resistance phenotype) frequency
resulting from hatching of D. magna resting stages laid throughout the active season.

Note: we use four-letter resistotype because the genetic model of resistance includes resistance to the four P. ramosa
isolates C1, C19, P15 and P20.

Document S2.2

Calculations of the theoretical resistance phenotype frequency resulting from ephippia hatching in the Aegelsee.
prop data frame: observed resistotype proportion in the study population at each sampling date.

prop
pheno-1 (RRRR) pheno-k pheno-n (SSSS)
date-1 Py Py Py
date‘z pZ,1 n pZ k T pz‘"
date-3 Ps Py Psq
date-i Pt Pic Pia
date-d Py Py Py

freq data frame: fraction of each possible genotype within each phenotype. We use the list of possible genotypes and their corresponding phenotypes given by
the genetic model of resistance implemented in the “peas” R-package. This list is given by the “getPhenotypes” function in the “peas” R-package (Supplementary
Doc. S2.1). The fraction of each possible genotype within each phenotype (fq) is implemented by the user. In Supplementary Figs. S2.6 and S2.7, Tables S2.1 and
S2.2 we test different scenarios of genotype distribution within the resistotypes.

freq

pheno geno fq
pheno-1 (RRRR) geno-1 f
pheno-1 (RRRR) geno-2 f
pheno-1 (RRRR) geno-3 fi
pheno-2 geno-4 fiz
pheno-2 geno-5 fyy
pheno-2 geno-6 fyz
pheno-k

pheno-k

pheno-k
pheno-k geno-j i
pheno-n (SSSS) geno-g fn

We then calculate the proportion of each genotype at each sampling date:

with

dJ_‘ : proportion of the j-genotype at the i-date.

d

i = fj,k *Pik

fi,k from the freq data frame: proportion of the j-genotype within the k-phenotype. This is implemented by the user.

p, from the prop data frame: proportion of the k-phenotype at the i-date. Input from sampled data in the study population.

freq
pheno geno fq date-1 date-2 date-i date-d
pheno-1 geno-1 f, d,, d, d,, d,
pheno-1 geno-2 f,, d,, d,, d, d,
pheno-1 geno-3 fy d, d;, d, d,,
pheno-2 geno-4 fir d, d, d,; d,
pheno-2 geno-5 f, d, d, d dgy
pheno-2 geno-6 f d, d, ds; dg,
pheno-k
pheno-k
pheno-k
pheno-k geno-j f\k it i2 dxi dm
pheno-n geno-g fn d, d, d d,
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di matrix: fraction of all possible genotype crossings at the i-date considering random mating and equal contribution of all individuals to sexual reproduction.

dy; dy
dy; d
di = d. |* t d

It

with

!

YAyl

i

4

i

i

diy g
diy,

dijy

dig 1

diy,
diy,

di;,

dig,

di,: proportion of mating events between the I-genotype and m-genotype at the i-date.

The sum of the elements of the di matrix is equal to 1.
cross matrix

€11
C21
Ci1

Cg

C1,2
C2,2

Ci,2

Cg,2

C1i,m
CZ,m

Cim

Cgm

diqm
dizm

di;m

digm

C1g
C2g

CLg

Cg.9

¢, .- data frame containing predicted genotypic and phenotypic crossing results between the |- and the m-genotype. This was calculated using the “predictCross”

function in the “peas” R-package. See implementation of the genetic model of resistance in Supplementary Doc. S2.1.

Example:
¢, ,+ crossing result between genotype #1 and genotype #2

¢, $genotypes
fraction SRirait
geno-a a, pheno-a
geno-b a, pheno-a
geno-c a, pheno-b
geno-x a, pheno-y

With y < x as there can be several genotypes underlying one phenotype (see example above)

c,.$phenotypes

SR fraction
1 pheno-a B,
2 pheno-b B,
z pheno-y By
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prophatch data frame: final data frame with expected resistotype proportions at each sampling date.

prophatch
pheno-1 (RRRR) pheno-k pheno-n (SSSS)
date-1 h, h, h,
date-2 h,, h,, h,,
date-3 h,, hy, h,,
date-i h, hy, h,
date-d hy, Ny hy,

h,,: expected frequency of the k-resistotype at the i-date.
J

j
hij = Z Z o m$phenotypes$py, * diy

m=01=0

The same calculation can be done with the genotypes fractions (a) instead of the phenotypes fractions (f).

prophatch

Figure S2.9

Summary illustration of Supplementary Doc. S2.2: calculation of theoretical resistotype (resistance phenotype) frequency resulting from resting stages hatching
in the Aegelsee Daphnia magna population. The theoretical resistotype frequency over time is calculated using the genetic model of resistance in the D. magna-
Pasteuria ramosa system and the observed resistotype frequency over time in the D. magna population. Input elements are written in regular font style, output
elements are written in bold. Prop data frame: observed resistotype proportion in the study population at each sampling date. Freq data frame: fraction of each
possible genotype within each phenotype. We use the list of possible genotypes and their corresponding phenotypes given by the genetic model of resistance
implemented in the “peas” R-package. Di matrix: calculated from “prop” and “freq”: fraction of all possible genotype crossings at the i-date considering random
mating in the D. magna population. Cross matrix: predicted genotypic and phenotypic crossing results from all possible genotype crossings. Each element of the
matrix is a data frame containing predicted genotypic and phenotypic crossing results of one genotype crossing. Prophatch data frame: calculated from “di” and
“cross”: final data frame with expected resistotype proportions resulting from sexual reproduction at each sampling date.

Document S2.3
Statistical software.

Unless otherwise stated, all statistical analyses and graphics were performed in the R software version 3.6.1 (R Core
Team 2021). Graphics were edited in Inkscape v. 1.0.1 (https://inkscape.org/). Mean values are presented with standard
error: mean + se (Package RVAideMemoire v. 09-45-2: Hervé 2015). Packages used in R for package installation, data
manipulation and graphics are the following: package development, documentation and installation: devtools v. 2.2.1
(Wickham, Hester, et al. 2019) and roxygen2 v. 6.1.1 (Wickham et al. 2018), data manipulation: dplyr v. 0.8.3 (Wickham,
Frangois, et al. 2019), tidyr v. 1.0.0 (Wickham and Henry 2019), tidyquant v. 0.5.8 (Dancho and Vaughan 2019), tidyverse
v. 1.2.1 (Wickham 2017), xlIsx v. 0.6.1 (Dragulescu and Arendt 2018), graphics: ggplot2 v. 3.3.0 (Wickham 2016), extra-
font v. 0.17 (Chang 2014), scales v. 1.0.0 (Wickham 2018), cowplot v. 1.0.0 (Wilke 2019), gridExtra v. 2.3 (Auguie 2017),
ggpubr v. 0.2.3 (Kassambara 2019), ggplotify v. 0.0.4 (Yu 2019), magick v. 2.2 (Ooms 2019), egg v. 0.4.5 (Auguie 2019),
ggsci v. 2.9 (Xiao 2018) and png v. 0.1-7 (Urbanek 2013).
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Genetic crosses
Table S3.1

Overview of the FO Daphnia magna parent clones used to produce selfed F1 offspring sorted by their inferred genotypes. These genetic crosses are presented
in Chapter 1, with the difference that we consider here two additional Pasteuria ramosa isolates, P15 and P21. The resistotype corresponds to the resistance
phenotype to the five Pasteuria ramosa isolates used in this study: C1, C19, P15, P20 and P21, in that order. The inferred genotype at the C and E loci is the result
of genetic markers analysis of the parent clone (Chapter 1). Two exceptions (marked with an asterisk “*") are cases where the marker genotype at the E locus was
“EE”, although segregation in the selfed F1 offspring revealed a “Ee” genotype. Genotype at the other loci, the A, B, D and F loci, is inferred from segregation in the
selfed F1, evidence from the PoolSeq association study and previous studies (Luijckx et al. 2012; Luijckx et al. 2013; Metzger et al. 2016; Bento et al. 2020; Freder-
icksen et al. in prep). The C- and E-loci genotype of the two “SRSSS” parents was inferred using only the segregation pattern of their selfed offspring. The markers
were designed to map resistance to C1, C19 and P20 in the Aegelsee population, using the three main resistotypes only: RR_S_, RR_R_ and SS_S_,, and were
consequently not linked to the genotype in SR____  individuals. FO parents correspond to females caught from plankton (clone name starting with “CH”) or hatched
from resting eggs (clone name starting with “”) collected from the Aegelsee natural population between 2011 and 2016 and subsequently clone in the laboratory.

Resistotype Inferred genotype Repeatname  Parent clone name n (offspring) Selfing results
total n = 1266
Common variation
C- and E-loci variation
RRSSS CCDDEE a t3_12.3_1i_12 43 Table 3.3
b t3_12.3_1i_21 37
RRSSS CCDDEe a CH-2015-36 89 Table S3.4
b 3.12.3_1 31
c CH-H-2015-49 79 *
RRSRS CChhee a CH-H-434-inb2-1 39 Table S3.5
=9
RRSSS CchDEE a t2_17.3_4i_12 19 § Table S3.6
E]
RRSSS CchDEe a 131431 48 £ TableS37
b t2_17.3_1 64 5
c CH-H-2015-59 65 *
o3
RRSRS Cchhee a t1.10.3_4 36 % Table S3.8
b t5_10.3_3 49 =
c CH-H-434-inb2-2 22
SSSSS ccDDEE a CH-H-2015-97 87 Table S3.9
SSSSS cchDEe a CH-H-2015-113 84 Table $3.10
b t4_10.3_16 65
SSSSS cchbee a t4_13.3_2 74 Table S3.11
Additional rare variation -~ TTToTTooTTmoomoTmommmTTmm T
B-locus variation £
SRSSS BbccDDEE 10_9.3_7 37 E Table $3.12
)
SRSSS BbcchDEe 10_28.2_43 38 2 Table $3.13
]
D-locus variation
RRSRS cc CH-H-2015-16 70 !
* E-locus genetic marker not linked, gives “EE” genotype ee Table 3.8
1 Litte P15-resistotype segregation RRSSS CcDdEe t2.17.3 4 34 2 Table 3.3
2 .
, P15 and P21 resistotypes segregate and are coupled _ ccddeeFF #1032 4 3 Table 3.9
Little P21-resistotype segregation
4 P15 and P21 resistotypes segregate, evidence for D- am_j F-loci variation L
D-locus variation from PoolSeq association used in PoolSeq association
CCDdeeFf CH-H-2016-b-70 79 4 Tables 3.4 and 3.5
5 P21 resistotype segregates, evidence for D-locus
variation from PoolSeq association SSSSS ccDdeeFf CH-H-2015-86 35 5 Tables 3.6 and 3.7
Poolseq association study
Parent clone RRRRR Parent clone SSS5S
CH-H-2016-b-70 CH-H-2015-86
<] n=19 | A n=7
S o 3
e S s
s S]] | P21-R
o o
s 31 R
ﬂJ - 4
£ 5 8
e 3 T T T T — 8 T T T T T
9} Y 3
Q0 27 S
o T n=20 g | n=25
i= o =)
S £
5 ° | g | P21-S
. S S
Figure S3.1 £ g
Coverage of the PoolSeq subgroups. g e [
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Genetic model and resistance d

Table S3.2
A chronological history of the investigation of the genetic model of resistance to Pasteuria ramosa in Daphnia magna.
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Figures S3.2 to S3.8

Models of resistance to Pasteuria ramosa in Daphnia magna. The left panel represents resistance loci as grey boxes
and their interactions. The right panel depicts the resistance phenotypes, i.e. resistotype to the five P. ramosa isolates.
The placeholder indicates that an isolate is not considered. Color boxes represent resistotypes that were found in the

Aegelsee population.

Dominance pattern Pasteuria isolate
R dominant Cl1 C19 P15 P20 P21
S L o o o
RO o o o
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F foregut
H hindgut

Figure S3.2

Model of resistance to Pasteuria ramosa C1 in Daphnia magna.
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Figure S3.4

Model of resistance to Pasteuria ra-
mosa C1and C19 in Daphnia magna,
including the A, B and C loci.
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Figure S3.3

Model of resistance to Pasteuria ramosa C1 and C19 in Daphnia magna, includ-
ing the Aand the B loci.
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Figure S3.5

Model of resistance to Pasteuria ra-
mosa C1, C19 and P15 in Daphnia
magna.
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Figure S3.6

Model of resistance to Pasteuria ra-
mosa C1, C19, P15 and P20 in Daph-
nia magna.
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Figure S3.7

Model of resistance to Pasteuria ra-
mosa C1, C19, P15, P20 and P21 in
Daphnia magna. No epistatic inter-
actions are considered among the F
locus and other loci.
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Genetic crosses

Tables S3.3 to S3.13

This data corresponds to genetic crosses presented in Chapter 1, where we consider resistance phenotypes, a.k.a.
resistotypes, to Pasteuria ramosa isolates C1, C19, and P20. In the present chapter we additionally consider variation
at the P15 and P21 resistotypes. The overall resistotype describes resistance (R) and susceptibility (S) to C1, C19, P15,
P20 and P21, in that order, e.g. a host clone with a SSSSS resistotype shows susceptibility to all bacterial isolates. In the
Aegelsee D. magna population, resistance to C1 and C19 is determined by variation at the B and C loci, while resistance
to P20 is determined by variation at the B, C and E loci (Chapter 1, Fig 1.5). We inferred from the observed phenotypic
variation that the a-allele was fixed in the population and that the B allele was rare (Chapter 1, results section). Variation at
the P15 and P21 resistotypes is rare and mostly coupled, i.e. the resistotype is the same for the two isolates. Resistance
to P15 is mostly determined by variation at the D locus, at which resistance is recessive (Bento et al. 2020), see also
Chapter 2 Supplementary Model Fig. S2.1). Resistance to P21 is mostly determined by variation at the F locus, where
resistance is dominant (Fredericksen et al. in prep). We inferred from phenotypic variation in the Aegelsee population that
the d and the F alleles are rare in the Aegelsee D. magna population. The “DDff’ genotype is consequently common, and
all F1 offspring groups described here possess this genotype. Resistance genotype is inferred from phenotypic segre-
gation in the F1 offspring groups. Text in red denotes genotypes and their corresponding phenotypes where the epistatic
relationship between the B, C and the E loci is expected to be revealed in the phenotype (see Chapter 1 Fig. 1.5). A.
Expected Punnett square for the selfed genotype according to the genetic model. B. Expected vs. observed phenotypes
of selfed F1 offspring. Expected phenotypic segregation was calculated from the Punnett square. We compared expected
vs. observed resistotype segregation in the F1 groups using the Cochran-Mantel-Haenszel (C-M-H) test for repeated
tests of independence. When there was only one repeat (Supplementary Table S3.6), we used the Fisher test. In cases
where there was only one category of expected and observed phenotype, no test was run (Supplementary Tables S3.3,
§3.5, 83.9, S3.10 and S3.11). In these cases, expectation and observation show a perfect match. Following each C-M-H
test, assumption of homogeneity of the odds ratio across repeats was confirmed using a Breslow-Day test (R package
DescTools: Signorell et al., 2018). However, this test can only be operated in 2x2 tables (Supplementary Tables S3.4 and
$3.8). We then ran a Fisher test of independence for each comparison (expected vs. observed for each repeat, Bonferroni
corrected) to detect possible significant differences in opposite directions across repeats, which would result in a non-sig-
nificant C-M-H test. We did not detect such differences in direction (see Supplementary Table S3.14 below for all detailed
results of statistical analyses). Tests were run on counts, although we present here segregation of offspring as fractions.

Tables S3.3 to S3.11

Expected and observed resistotypes of F1 offspring groups resulting from the selfing of FO parents where variation at the
C and E loci was observed (see Supplementary Table S3.1 for parent clones details).

Tables S3.12 and S3.13

Expected and observed phenotypes of F1 offspring resulting from the selfing of FO parents where variation at the B and
E loci was observed (see Supplementary Table S3.1 for parent clones details).
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Table S3.3
Selfed genotype aabbCCDDEEAf. FO parents: a: t3_12.3_1i_12, b: t3_12.3_1i_21.
A RRSSS
CCDDEE CUE
CDE RRSSS
B FO parent F1 offspring
% g % 2 Proportion B
o o B 0
4 :E' 8 ::' Observed 2 5
3 é ® % Expected Repeat = g
5 o 5 & ©
£ = a b
n=43 n=37
CCODEE RRSSS CCODEE RRSSS 1 1 1 NA
Table S3.4
Selfed genotype aabbCCDDEeff. FO parents: a: CH-2015-36, b: t3_12.3_1, ¢: CH-H-2015-49.
A RRSSS
CC Ee CDE Che
CDE RRSSS RRSSS
Che RRSSS RRSRS
B FO parent F1 offspring
- g é _— % Proportion 7 A
£ = ° £ = ° Observed T3
€5 @ = @ Expected Repeat =2
-] & - o cdé [SIK=)
a b c
n=89 n=31 n=79 _
ccooeer | RRSSS ccooe-+ [ RRSSS 0,75 0,79 0,74 0,84 X -0-_883:3 Zf=1,
ccoveer  RRSRS 0,25 021 0,26 0,16 -
Table S3.5
Selfed genotype aabbCCDDeeff. FO parents: a: CH-H-434-inb2-1.
A RRSRS
CChoee Che
Che RRSRS
B FO parent F1 offspring
° Q ° Q Proportion 3
E %'- §>' E % §> Observed i’ 3
€ 5 § €5 2 Expected Repeat = c
(=] o (=2} & a o ©
n=239
CChbee RRSRS CChhee RRSRS 1 1 NA
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Table S3.6
Selfed genotype aabbCcDDEEff. FO parent: a: t2_17.3_4i_12.
A RRSSS
CcODEE CDE cDE
CDE RRSSS RRSSS
cDE RRSSS SSSSS
B FO parent F1 offspring
R g ° g Proportion B
E % §>' E % ::' Observed ﬁ 3
€5 % y 7 Expected Repeat =
° 2 ° & a o
n=19 Fisher test on counts
CCDDEE RRSSS C-DDEE RRSSS 0,75 0,74 -1
ccooEEf _ SSSSS 0,25 0.26 P
Table S3.7
Selfed genotype aabbCcDDEeff. FO parents: a: t3_14.3_1, b: t2_17.3_1, c¢: CH-H-2015-59.
A RRSSS
CcDDEe CDE Che cDE che
CDE RRSSS RRSSS RRSSS RRSSS
Che RRSSS RRSRS RRSSS RRSRS
cDE RRSSS RRSSS SSSSS SSSSS
che RRSSS RRSRS SSSSS SSSSS
B F0 parent F1 offspring
_— § - 8 ‘é Proportion % o
25 S g = S Observed T3
s 2 k7 g 2 ® t 8
€ 7 €5 ? Expected Repeat = c
(=2 o (=) I a b c O ©
n=48 n=64 n=65
CcDDEe RRSSS C-DDE- RRSSS 0,56 0,48 0,64 0,52 M?=1.9, df=2,
cc SSSSS 0,25 0,29 0,14 0,22 p=0.39
C-Dhee RRSRS 0,19 0,23 0,22 0,26
Table S3.8
Selfed genotype aabbCcDDeeff. FO parents: a: t1_10.3_4, b: t5_10.3_3, ¢: CH-H-434-inb2-2.
A RRSRS
CcDDee Che che
Che RRSRS RRSRS
che RRSRS SSSSS
B F0 parent F1 offspring
- 2 § s g § Proportion E 2
2 .E- ° = .E- S Observed T 3
D T
€5 a € 5 7 Expected Repeat =2
(=2 o (=) I a b c O ©
n=36 n=49 n=22 —
Cchbee RRSRS C-Dhee RRSRS 0,75 0,75 0,80 0,64 XZ‘O'O_OGZ'
aabbccDDeeff SSSSS 0,25 0,25 0,20 0,36 df=1, p=0.94
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Table S3.9
Selfed genotype aabbccDDEESf. FO parent: a: CH-H-2015-97.
A SSSSS
ccUDEE cDE
cDE SSSSS
B F0 parent F1 offspring
@ 3 ® I3 Proportion %5 o
E % §>' § % §>‘ Observed 2 3
£5 2 £5 % Expected Repeat =g
=) & =] o a S o
n=87
ccDDEE SSSSS ccDDEE SSSSS 1 1
Table S3.10
Selfed genotype aabbccDDEeff. FO parents: a: CH-H-2015-113, b: t4_10.3_16.
A SSSSS
cchlEe cDE che
cDE SSSSS SSSSS
che SSSSS SSSSS
B F0 parent F1 offspring
@ = @ 8 Proportion =
E % E E % §> Observed ﬁ 3
£ 5 2 €5 2 Expected Repeat =2
=) B =] & b S oS
n=284 n=65
cchDEe SSSSS CCDDE- SSSSS 1
Table S3.11
Selfed genotype aabbccDDeeff. FO parents: a: t4_13.3_2.
A SSSSS
CcCcDDee cue
che SSSSS
B F0 parent F1 offspring
_— g - 8 g Proportion % a
£ 2 K = K Observed T3
£5 2 £5 2 Expected Repeat -
(=2} o (=2} I o ©
n=74
aabbccDDeeff SSSSS aabbccDDeeff SSSSS 1
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Table S3.12
Selfed genotype aaBbccDDEESf. FO parent: t0_9.3_7.

A
aBcDET
abcDET SSSSS

B F0 parent F1 offspring
3 @ Proportion -
@ =% @ o B 8
£ 5 % £ 5 § Expected Observed iz g
(3 x
n=37
aaBbccDDEEf _ aaB-ccDDEEff _ 0,75 0,76
aabbccDDEET SSSSS 0,25 0,22 p=1
aaB-ccDDeeff SRSRS 0,00 0,03

Table S3.13
Selfed genotype aaBbccDDEeff. FO parent: t0_28.2_43.

A aBcDET aBchef abcDET abchef
--Bb- ' 'Ee:

aBcDET
aBchef SRSRS
abcDET SSSSS SSSSS
abchef SRSRS SSSSS SSSSS
B F0 parent F1 offspring
© g © g Proportion o~
(%]
T2 = =] = 8 E
= a o == k] o 8
g 2 @ g 2 17} 23
€3 ? €8 2 Expected Observed B <
(=2 o (=) A iL ©
n=38
aabbccDDE-1T SSSSS 0,25 0,32 p=0.58
aaB-cchbDeeff SRSRS 0,19 0,13
Table S3.14
Detailed results of statistical analyses applied to F1 offspring groups. Analyses are described in tables legends above.
Fisher test
CMH test BD test
repeat a repeat b repeat ¢
M2 df p X df p p p + Bonf. p p + Bonf. P p + Bonf.
Table $3.3 NA NA NA NA NA NA NA NA NA NA NA NA NA
Cl=(049,1.25),
Table S3.4 X?=0.85 1036 estimate = 0.78, 083 2 066 0,86 1 1 1 024 0,72
null value = 1
Table $3.5 NA NA NA NA NA NA NA NA NA NA NA NA NA
Table S3.6 NA NA NA NA NA NA NA 1 NA NA NA NA NA
Table S3.7 19 2 039 NA NA  NA  NA 0,76 1 029 1 049 1
Cl=(055,1.9),
Table $3.8 X2=00062 1 094 estimate = 1.03, 112 2 057 1 1 0,81 1 0,51 1
null value = 1
Table $3.9 NA NA NA NA NA NA NA NA NA NA NA NA NA
Table $3.10 NA NA NA NA NA NA NA NA NA NA NA NA NA
Table S3.11 NA NA NA NA NA NA NA NA NA NA NA NA NA
Table $3.12 NA NA  NA NA NA  NA  NA 1 NA NA NA NA NA
Table $3.13 NA NA NA NA NA NA NA 0,58 NA NA NA NA NA
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Table S4.1

Selfed inbred F1 groups where the new attachment sites trunk limb 4 “L4” and all trunk limbs “LA” were observed.

Supplementary Chapter 4

Host and parasite genotypes

n selfed F1 Resistotype Attachment sites observed in S genotypes in the selfed F1 group
Parent genotype
group parent

P15 P20 P21
CH-H-2015-97 87 SSSSS D FLA D, L4
12.17.3 4112 19 RRSSS D FLA D, L4
CH-H-2015-59 65 RRSSS D FLA D, L4 variable
13_12.3_1i_12 43 RRSSS D, L4 variable FLA D, L4
t3_12.3_1i_21 37 RRSSS D, L4 FLA D, L4
CH-H-2015-36 89 RRSSS D, L4 variable FLA D, L4
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Attachment pictures

Table $4.2

Details about the Daphnia magna—Pasteuria ramosa genotypes used in the pictures of this chapter. Attachment is described as a string of letters containing all sites

MF: Maridel Fredericksen.

Ussy,
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where attachment was observed in one host individual. Credits: CA: Camille Ameline, BH: Ben,
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Parasites are believed to be one of the main drivers of the evolution and
maintenance of diversity and sexual reproduction (Jaenike 1978; Bell and
Smith 1987; Jeffery and Bangham 2000; Sommer 2005; Radwan et al. 2020).
In this context, many models of the dynamics and the genetics of resistance
have been proposed (Agrawal and Lively 2002; Dybdahl et al. 2014; Thrall
etal. 2016). Chief among them is the Red Queen theory for the maintenance
of sex, which assumes high specificity between hosts and their parasites,
matching-allele models of infection and fluctuating allele frequencies cre-
ated by the advantage of rare alleles (Lively 2010; Brockhurst et al. 2014;
Lighten et al. 2017). In contrast with the large amount of theory that has
been proposed about the dynamics and genetics of resistance, few stud-
ies have directly investigated them in natural systems (Samson et al. 1996;
Magalhdes and Sucena 2016; Gibson et al. 2018; Alves et al. 2019).

In this thesis, I investigated the evolution of resistance in a population of the
cyclic parthenogen Daphnia magna that undergoes strong epidemics of the
bacteria Pasteuria ramosa. | witnessed a highly repeatable pattern of rapid
increase in resistance throughout the planktonic season of the host. [ show
that this increase is adaptive by measuring resistance to the local parasite
in field and laboratory experiments. Further, [ resolve the underlying ge-
netics of resistance in this population, using a combination of genome-wide
association study and genetic crosses in the host. The knowledge of the
dynamics of resistance and its underlying genetic architecture allowed
me to infer the dynamics of resistance allele frequency in the population,
therefore providing the link between observed natural selection and its un-
derlying genetics. By characterizing the genomic region under selection in
the host population, I further provide for future studies the opportunity
to directly monitor dynamics of resistance allele frequency in response to
parasite-mediated selection.

[ use the remarkable capacity of cyclic parthenogens to alternate between
clonal and sexual reproduction to distinguish between the effect of natural
selection and recombination on the evolution of resistance in the host. I
find that, during the planktonic season of the host, mean resistance increas-
es, while variance decreases through parasite-mediated selection. Sexual
reproduction results in the decrease in mean resistance, but an increase
of resistance diversity in the population. These findings provide empirical
evidence for genetic slippage in response to sex in a cyclical parthenogen
(Lynch and Deng 1994; Decaestecker et al. 2009).

When reviewing previous evidence and investigating further the genetic
model of resistance in the host, I find that resistance in the host is deter-
mined by several loci with distinct patterns of dominance and linked with
epistatic interactions. I also find that, depending on the allelic diversity in a
focal population, the overall complexity of the genetic model might not be
relevant. I bring functional support for the importance of epistatic inter-
actions in shaping host-parasite interactions (Wilfert and Schmid-Hempel
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2008; Kouyos et al. 2009; Jones et al. 2014).

A key aspect of host-parasite interactions is a high specificity between host
and parasite genotypes (Otto and Nuismer 2004; Martini et al. 2018; Liu et
al. 2019). In the last chapter I describe new sites and patterns of attachment
of the bacterial spores on the host cuticle, an infection step that has been
shown to be highly specific in the D. magna-P. ramosa system (Duneau et
al. 2011; Luijckx et al. 2011). The increasing complexity of the attachment
step [ describe could have implications in the degree of genotype—genotype
specificity in the system.

Using the long-term monitoring of a natural D. magna population, I gained
functional knowledge about the evolution of resistance and the mecha-
nisms underlying it in the host population. This knowledge can be used
in direct measurement of resistance allele frequency, in genomic charac-
terization of the impact of selection on the host, or in studies monitoring
combined host and parasite dynamics, which would allow us to better un-
derstand the interplay between the host and the parasite.
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