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Genetic architecture of resistance in Daphnia hosts against
two species of host-specific parasites

J Routtu! and D Ebert

Understanding the genetic architecture of host resistance is key for understanding the evolution of host—parasite interactions.
Evolutionary models often assume simple genetics based on few loci and strong epistasis. It is unknown, however, whether these
assumptions apply to natural populations. Using a quantitative trait loci (QTL) approach, we explore the genetic architecture of
resistance in the crustacean Daphnia magna to two of its natural parasites: the horizontally transmitted bacterium Pasteuria
ramosa and the horizontally and vertically transmitted microsporidium Hamiltosporidium tvaerminnensis. These two systems have
become models for studies on the evolution of host—parasite interactions. In the QTL panel used here, Daphnia's resistance to
P. ramosa is controlled by a single major QTL (which explains 50% of the observed variation). Resistance to H. tvaerminnensis
horizontal infections shows a signature of a quantitative trait based in multiple loci with weak epistatic interactions (together
explaining 38% variation). Resistance to H. tvaerminnensis vertical infections, however, shows only one QTL (explaining 13.5%
variance) that colocalizes with one of the QTLs for horizontal infections. QTLs for resistance to Pasteuria and Hamiltosporidium
do not colocalize. We conclude that the genetics of resistance in D. magna are drastically different for these two parasites.
Furthermore, we infer that based on these and earlier results, the mechanisms of coevolution differ strongly for the two
host—parasite systems. Only the Pasteuria-Daphnia system is expected to follow the negative frequency-dependent selection
(Red Queen) model. How coevolution works in the Hamiltosporidium-Daphnia system remains unclear.
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INTRODUCTION

In natural populations, genetic polymorphisms among hosts for
disease-related traits are widespread and prominent (Klein, 1990;
Bergelson et al.,, 2001; Flainik and Du Pasquier, 2004), generating
intensive discussion about the processes maintaining them. Several
population genetic models have been put forward, linking this genetic
diversity to host—parasite coevolution, both within and among
populations connected by geneflow. Most models are based either
on the idea of beneficial mutations spreading in the populations
(selective sweep models) or on standing genetic variation maintained
by negative frequency-dependent selection (NFDS, the Red Queen
models) (Woolhouse et al., 2002; Ebert, 2008; Lively, 2010). The
genetic assumptions underlying these models are very different.
Models based on novel beneficial mutations make no assumption
about the underlying genetics. Beneficial mutations, no matter what
the selection coefficient and where they occur in the genome, may
spread and reach fixation. Several mutations may sweep through a
sexual population simultaneously. If selective sweeps lead to fixation of
a variant, genetic polymorphisms are transient. In contrast, coevolu-
tion by NFDS operates under a rather strict set of underlying genetic
assumptions. They depend on one locus or a few loci with strong
effects and, for multilocus systems, on epistatic interactions among
loci. In theory, the NFDS model can sustain genetic polymorphisms
endlessly (Clarke, 1976).

As we still know little about the genetic architecture of host
resistance and parasite virulence, it is difficult to judge which genetic
model best explains phenotypic observations of coevolutionary
dynamics (Edmunds and Alstad, 1978; Lively et al, 2004; Morgan
et al., 2005; Laine, 2006; Decaestecker et al., 2007; Jokela et al., 2009;
Morran et al., 2011; Kerstes et al., 2012). A review of quantitative trait
locus studies in host—parasite systems suggested that host resistance is
often influenced by a few loci with rather strong effects and epistatic
interactions (Wilfert and Schmid-Hempel, 2008). This evidence—
together with the general notion that disease-related traits show high
levels of polymorphisms in natural populations—has been used to
emphasize the role of NFDS as a key mechanism of coevolution
(references as before; for reviews, see (Thompson, 2005; Schmid-
Hempel, 2011)). Other studies, however, stress the role of selective
sweeps for host and parasite adaptation (Buckling and Rainey, 2002;
Jiggins, 2003; Little et al., 2004; Nash et al., 2005; Obbard et al., 2011).
To understand which model best explains coevolution in any given
system requires, however, we must clarify the genetic architecture of
host resistance. Here we aim to do this for D. magna and two of its
naturally coevolving parasites—the bacterium P. ramosa (Metchnikoff,
1888) and the microsporidium H. tvaerminnensis (Haag et al., 2011)
(formerly called Octosporea bayeri). We explore the genetic architec-
ture of resistance to these parasites and link our findings to what is
known about coevolution in these systems.
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D. magna and its parasites are frequently used as model systems for
the study of natural diseases (Green, 1974; Ebert, 2008; Auld, 2014).
Phenotypic studies have suggested specific coevolution between
Daphnia and its antagonists. The pathogenic bacterium P. ramosa
transmits exclusively horizontally via environmentally resistant endo-
spores released from dead hosts. It sterilizes its host, killing it after
about 50 days. Studies of sediment cores have revealed fast evolu-
tionary dynamics between host and parasite suggestive of a Red
Queen-like coevolution (Decaestecker et al., 2007) and genetic crosses
revealed strong host—parasite genetic interactions based on few loci
and strong epistasis (Little et al., 2006; Luijckx et al., 2012; Luijckx
et al., 2013), making it a strong candidate for coevolution by NFDS
(Ebert, 2008). Nonetheless, although we understand relatively well
Daphnia resistance to Pasteuria, we have lacked knowledge about this
system’s underlying genomic architecture.

The other parasite studied here, the microsporidium H. tvaermin-
nensis, infects mainly the fat body and ovaries of D. magna, reducing
life span, fecundity and competitive ability (Bieger and Ebert, 2009;
Ben-Ami ef al., 2011). This parasite is transmitted via mixed modes,
that is, both vertically (mother to offspring) and horizontally (through
water-borne environmental spores). H. tvaerminnensis seems to coe-
volve with its D. magna host, as revealed by studies on local adaptation
and transmission in relation to host sexual reproduction (Altermatt
et al., 2007; Ebert et al., 2007; Ebert, 2008). Experimental evolution
further suggests that the host adapts rapidly to cope with the parasite,
but at a cost in the absence of infections (Zbinden et al., 2008). Nothing
is known about the genetics of disease-related traits in this system.

These Daphnia—parasite systems are particularly suited for quanti-
tative trait loci (QTL) studies, because the hosts can be crossed
sexually, but also kept clonally, allowing us to produce QTL panels
starting with individual females collected in the field and to maintain
recombinant lines as clones for many generations. This clonality also
allows us to replicate genotypes, which reduces non-genetic effects,
including variation in maternal effects. The QTL F2 panel used in this
study originates with the crossing of a Finnish D. magna clone,
susceptible to both P. ramosa and H. tvaerminnensis, and a German
D. magna clone resistant to both parasites. This F2 panel is kept
clonally in the laboratory and has previously been used to map other
D. magna traits, such as recessive deleterious mutants, induction of
males and production of resting eggs (Routtu ef al., 2010; Roulin et al.,
2013). Here, our aim was to use this panel to elucidate the number of
QTL in the host genome that contribute to resistance against P.
ramosa and H. tvaerminnensis, test for interactions among QTLs
(epistasis) and test for colocalization of QTLs. The results are
interpreted with regard to the genetic architecture of host resistance
and—in combination with previously published material—with regard
to the mechanisms of coevolution between the host and its parasites.

MATERIALS AND METHODS
D. magna is a cyclic parthenogenetic planktonic crustacean found in standing
fresh water in Eurasia, Africa and North America. Females reproduce primarily
asexually, but can also reproduce sexually on environmental induction. Clonal
lines can be maintained for many years on a diet of green algae. The two clones
used in the QTL panel for this study are from a carp-breeding pond near
Munich, Germany (clone ID: Iinbl; coordinates: 48°12'24"'N, 11°42'35"'E) and
from a rock pool in southwest Finland near Tvirminne (clone ID: Xinb3;
coordinates 59°49'58 N, 23°15’45E). For all experiments, animals were kept in
artificial Daphnia medium (Kliittgen et al., 1994) at 20 °C and a light:dark cycle
of 16:8 with the green algae Scenedesmus sp. as the only food.

The C19 clone of the Gram-positive bacterium P. ramosa used here was
isolated from an infected D. magna collected from a pond in Gaarzerfeld in
northern Germany and was characterized in an earlier study (Luijckx et al,
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2011). Infection occurs when hosts are exposed to aqueous suspensions of
parasite spores. We produced P. ramosa spores by exposing immature female D.
magna individuals from a susceptible host clone to the parasite and letting the
parasite grow for 40 days. The tissue of the infected hosts with mature spores
was then homogenized in artificial Daphnia medium and the spore concentra-
tion was determined with a Neubauer-improved counting chamber.

An isolate of the microsporidium H. tvaerminnensis was obtained from an
infected female D. magna collected from a rock pool on the island Oren in the
Tvdarminne archipelago in southwest Finland. About 50% of D. magna
populations on the archipelago are infected with H. tvaerminnensis and all
D. magna clones from the region appear susceptible; D. magna clones outside
of Finland, however, are mostly resistant (Ebert, 2008) (Lange et al., submitted).
Other host species or secondary hosts are not known for this parasite (Haag
et al, 2011; Haag et al, 2013). H. tvaerminnensis is transmitted both
horizontally (from environmental spores released by decaying hosts) and
vertically (from mothers to offspring). Vertical transmission is 100% efficient
to parthenogenetic (asexual) offspring, but only partially effective to sexually
produced offspring (via resting eggs) (Ebert et al., 2007). Spores were produced
from the vertically infected offspring of an infected mother. Infected hosts with
mature spores were collected when 40 days old and spore suspensions were
produced as described for Pasteuria.

The D. magna F2 panel

All experiments used the Basel D. magna QTL panel. This F2 panel is described
in full detail in earlier publications (Routtu ef al., 2010; Roulin et al, 2013)
(summary at http://evolution.unibas.ch/ebert/research/qtl/index.htm). In short,
two parental strains, Iinbl and Xinb3 from Germany and Finland, respectively,
were crossed to form an FI hybrid clone. Iinbl, which does not easily
reproduce sexually, was previously selfed one time and Xinb3 was selfed three
times. The F1 hybrid clone was then selfed to produce the sexual offspring of
the F2 generation, which were kept as clonal lines in the laboratory. The current
study used 195 F2 clones. The clones of the F2 panel were previously genotyped
for 109 VNTR markers (Routtu et al, 2010) and later for 1324 SNP markers
(Routtu et al., submitted), which were used to construct genetic maps for the
phenotypic traits (Routtu ef al., 2010; Roulin ef al.,, 2013).

Infection trial design

Clonal females from the F2 panel were raised individually in 100-ml jars filled
with 90 ml artificial Daphnia medium and fed 3—-10 million algal cells per day,
accommodating the increasing needs of the growing animals in optimal
conditions. Medium was changed every 4 days or after the females released a
clutch. From each female, one daughter from the third clutch was randomly
chosen for the infection trials. These offspring were placed individually in
100-ml jars filled with 20 ml artificial Daphnia medium. Three to five days after
birth, each individual was exposed to 200000 spores of either P. ramosa
(6 replicates) or H. tvaerminnensis (3 replicates) or to a control suspension
(3 replicates). This high spore dose was used, as it resulted in 100% infection
rates of susceptible genotypes, thus reducing the chance of failed infection in
susceptible hosts due to stochastic effects. We knew from previous studies that
variation in resistance manifests itself most clearly in the presence/absence
patterns for P. ramosa (Carius et al, 2001) and in spore counts for
H. tvaerminnensis (Ebert, 2008; Roth et al, 2008). At the age of 40 days,
Pasteuria exposed animals were killed to check for infection and H.tvaermi-
nensis exposed animals (and controls) were homogenized to quantify the
number of spores in their body using a cell counting chamber. To test for
resistance to vertical transmission, we raised two offspring from the third clutch
of all Daphnia, which had previously been exposed to H. tvaerminnensis
(horizontally infection trial), until they were 40 days old and then quantified
their spore loads. The presence of spores, in these animals, indicates successful
vertical transmission.

Data handling and statistics

All statistics were calculated using the R statistical software version 2.9.2 (R
Development Core Team, 2008). QTLs were analyzed with the R package R/qtl
version 1.29-2 (9 September 2013) (Broman et al., 2003; Broman and Sen.,
2009; http://www.rqtl.org/). A description of the structure and construction of
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the SNP array linkage map used can be found in Routtu et al. (2010), Roulin
et al. (2013) and Routtu et al, submitted. For the QTL analysis, genome-wide
significance level was established using 10 000 permutation tests with significant
(@=0.05) and suggestive (@ =0.1) LOD scores of 3.78 and 3.44, respectively.
Analysis of variance was used to estimate the proportion of total variance
explained by the fitted models. To find epistatic interactions, we ran scantwo
(for two-dimensional scans) and further analyzed the candidates with fitqtl (for
fitting a defined multiple-QTL model) (Broman ef al., 2003; Broman and Sen,
2009). The minimum QTL effect size for our design was estimated with
package qtlDesign (Sen et al, 2007). In all experiments, controls were
uninfected and are therefore not further discussed. The final data set for
resistance analysis included 195 F2 clones.

Analysis of Pasteuria infection data was carried out in two ways. First, data
were treated as proportions of infected animals over number of replicates
(n=6). Second, we used a binary model (infection status 0/1) for the QTL
analysis as described by Broman et al. (2003). This is justified, because infection
data of Pasteuria clones typically show strongly bimodal patterns, with either
most replicates being infected or hardly any (see Figure la for this pattern in
the current data set). For this, we designated clones as susceptible when three or
more of the six replicates showed infection; otherwise, we designated them as
resistant (binary classification on the clone level).

For the H. tvaerminnensis data, we logjo(x+1) transformed counts of
horizontally and vertically infected individuals to normalize spore count
distribution and then calculated the means of this log-transformed data for
the QTL analysis. We used Haley—Knott regression in the QTL analysis for
robustness and speed (Haley and Knott, 1992). Although we expected that
totally resistant females (judged from spore counts=0) in the horizontal
infection assay would be unable to pass the infection to the next generation, we
had some cases of zero counts in the horizontal infections but found spores in
the offspring of these animals. This discrepancy is likely explained by the
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Figure 1 Analysis of infection data for D. magna after exposure to P.
ramosa. (a) Frequency distribution showing the number of infected replicates
(of six total) for 195 F2 clones. (b) Effect plot (means+s.e.) for the three
genotypes at scaffold00288_965 on Ig 3 for the infected replicates. A
alleles are from the resistant German parental clone; B alleles are from the
susceptible Finnish parental clone. (c) QTL mapping for resistance against
Pasteuria. Black solid lines indicate the analysis with the proportion data;
the red line shows the analysis with binary coded data; dashed lines show
the LOD threshold for significance (dashed line: P<0.05; dotted: P<0.1).
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counting chambers’ high detection threshold for spores (spores were counted in
a sub-sample volume of 0.1 pl of the total volume of 100 pl). In addition, as has
previously been observed, horizontal infections generally produce much lower
spore counts than vertical infections (Vizoso and Ebert, 2004), making it more
likely to miss an infection in horizontally infected animals (false negative) than
in vertically infected animals. Therefore, we included all animals in the vertical
infection analysis, disregarding the infection status of their mother. Repeating
the vertical infection analysis after excluding replicates with zero spore counts
in the horizontal infection trials did not change the QTL results for vertical
infections.

RESULTS

The estimated minimum effect size to detect a genetic signal with the
QTL panel used here was 10.97% variance explained for significant
(a¢=10.05) and 10.19% variance explained for suggestive (a =0.1) LOD
scores. Thus, loci explaining less than about 10% of the total variation
will not be picked up by our analysis.

Resistance against P. ramosa

The P. ramosa infection data revealed strong bimodality with most
replicates of many clones being totally resistant or most replicates
being infected (Figure 1a). We designated F2 clones ‘susceptible’ if
three or more of the six replicates were infected and as ‘resistant’
otherwise. This resulted in 20.6% susceptible clones. Assuming that
resistance is dominant and coded by a single locus with two alleles, the
proportion of susceptible clones would be expected to be 25%, which
is not significantly different from 20.6% (y>=1.986, P=0.16,
n=195). This single locus Mendelian segregation was also seen for
Pasteuria resistance in a cross between two Finnish D. magna clones
(Luijckx et al., 2012). The QTL analysis of these binary (0/1) infection
data (clones being treated as susceptible or resistant) revealed a single
major QTL that explains 50.04% of the total variation (Figure 1c¢ and
Table 1). No epistatic interactions were detected. A minor peak in the
middle of linkage group (lg) 7 was far from significance. Running the
QTL analysis with the Pasteuria infection data coded as proportions of
infected replicates among all replicates revealed the same result with a
single peak at the same place and 50.1% of the variance explained
(Figure 1c and Table 1). No epistatic interactions were detected.

Resistance to H. tvaerminnensis
The distribution of the log-transformed spore counts for vertical and
horizontal infections with H. tvaerminnensis were nearly perfectly
normal, with only a few clones with mean spore counts of zero
(Figure 2a). Horizontal and vertical infection spore counts were
positively correlated (Spearman: 2 =0.43, P=4.19e—10; Figure 2a).
H. tvaerminnensis spore counts for horizontally infected Daphnia
revealed five QTLs, approaching significance in Ig 3, 6 and 8 (Figures
2b and c, and Table 1). These QTLs showed weak epistatic interactions
with each other, but only the interaction between lg 3A and Ig 6
approached significance (Table 1). No other epistatic interactions
where detected. Together, these five QTLs and their interactions
explained 38.3% of the observed variation (Table 1). H. tvaerminnensis
spore counts from vertical infections produced a single significant
peak colocating with a peak detected for horizontal infection spore
counts on lg 6 and explaining 13.5% of the total variation (Figures 2b
and ¢, and Table 1). Repeating this analysis with the few clones
seemingly being resistant to horizontal infections (zero spore count in
horizontal infection trials) being excluded from the vertical infection
analysis did not change this picture.
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Table 1 Estimates of total LOD scores and total variation explained by genotype effects at the QTL sites (Q)

Infection by Mean square LOD score % Variance explained Model
Pasteuria (proportions) 245.00 29.44 50.10 y~Ql
Pasteuria (binary) 7.816 29.53 50.04 y~Ql
Hamiltosporidium (horizontal infection) 0.9574 20.43 38.276 y~Q2+Q3+Q4+ Q5+Q6+Q2:Q4
Hamiltosporidium (vertical infection) 7.0873 6.154 13.526 y~Q4

Abbreviation: QTL, quantitative trait loci.

Sites refer to the D. magna genome and are numbered continuously (compare with Table 2): Q1 =scaffold00288_965, Q2 =scaffold00773_975, Q3 =scaffold02114_353,
Q4 =scaffold00606_2933, Q5 =contig29113_349, Q6 =contigl4698_81. All four models are significant (P<0.0001). Total degrees of freedom were 194 in each case.

Table 2 Infection traits and their corresponding linkage group (lg)

Trait g Marker_SNP nucleotide Sequence (5-3')

Pasteuria infection 3 scaffold 00288_965 TTGTTAAAGTCCATTGTaAGTGTTTAAGTAGCAAA
Hamiltosporidium horizontal infection 3A scaffold 00773_975 ATCGAATCAGCATTTTaTCCTCCTAATTCAAC
Hamiltosporidium horizontal infection 3B scaffold 02114_353 ACACTGTCGAAAAAAAAATTTTGATTTCCCTTAAAC
Hamiltosporidium horizontal infection 6 scaffold 00606_2933 TTGTAGATTTTACCGAaCTTTTATTCTTACATCAC
Hamiltosporidium horizontal infection 8A contig 29113_349 CGATATATCTTTCAAAACaATCTATATGGATACAATC
Hamiltosporidium horizontal infection 8B contig 14698_81 TGGCGATAAAGGACaTTGAATCAAAGGACG
Hamiltosporidium vertical infection 6 scaffold 00606_2933 TTGTAGATTTTACCGAaCTTTTATTCTTACATCAC

Abbreviation: SNP, single nucleotide polymorphism.

Infection traits and their corresponding linkage group (compare Figures 1 and 2), with marker name and position of SNP nucleotide and sequences on both sides of the SNP (indicated by lowercase

letters).

Comparing QTL for the two parasites

The spore counts of H. tvaerminnensis were not correlated with
susceptibility to P. ramosa (Spearman r=0.047 and r=0.074 for
horizontal and vertical infections, respectively, P>0.2 in both cases),
although resistance was correlated in the two parent clones, with the
Finnish clone being highly susceptible to both parasites. Consistent with
this, the effect plots for both parasites clearly show that the German
parent (AA genotype) carries the alleles for resistance (Figure 2). None
of the QTLs observed in the Hamiltosporidium analysis colocalized with
the QTL for Pasteuria resistance at the end of Ig 3.

DISCUSSION

The aim of this study was to examine the genetic architecture of
D. magna’s resistance to two parasites in the context of previous work
on host—parasite interactions and genetic polymorphisms for
resistance in natural populations. Using a QTL panel based on a cross
of a resistant host clone from Germany and a susceptible clone from
Finland, we found contrasting patterns of resistance for the two
parasites. A single major QTL was found for resistance against the
bacterium Pasteuria, whereas five weak QTLs were observed for
resistance against horizontal infections of the microsporidium
H. tvaerminnensis and one QTL was found explaining resistance to
vertical infections of H. tvaerminnensis. QTLs of the two parasites did
not colocalize in the host genome. The QTLs for resistance against
horizontal infections of H. tvaerminnensis showed only moderate
evidence for epistasis.

The result of the QTL study shows that major QTL for resistance
against Pasteuria segregates among the F2 clones and that this
segregation is consistent with a single locus with Mendelian inheri-
tance, with the German clone carrying a dominant resistance allele.
Furthermore, the data show that variation for resistance is mostly
determined by clone identity, as replicates within clones are highly
consistent with each other, suggesting little non-genetic variation
(Figure 1a). These results were not surprising: a previous study using
genetic crosses had shown that D. magna’s resistance against P. ramosa
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is likely based on a locus with Mendelian inheritance, without
evidence for non-genetic effects (Luijckx et al., 2012). However, this
previous study, using material from Finnish populations exclusively,
revealed a second locus strongly linked to the first, coding for
resistance against a different P. ramosa genotype (Luijckx et al.,
2013). This second locus seemed not to segregate in our study’s
QTL F2 panel, as the parental clones and all F2 clones were resistant
against this P. ramosa genotype (unpublished data). However, given
that we started from only two parent genotypes and that we had only
195 F2 clones, it is likely that we did not capture all polymorphism
with our panel design, as some polymorphisms might have been
excluded by the choice of the parents and some minor QTL might
have been under the detection threshold. Nevertheless, our results are
consistent with what is known about the Pasteuria—Daphnia system,
namely that resistance is strongly determined by one (more likely a
few loci) in one region of the genome with a strong fitness effect,
without evidence for loci explaining genetic variation in other parts of
the genome or evidence for prominent non-genetic effects. These
findings corroborate the suggestion that Daphnia and Pasteuria evolve
by NEDS (Decaestecker et al., 2007). Cyclic coevolution caused by
NEDS is most easily observed in models with one locus or few loci
with strong effects: the fewer loci, the stronger the link between fitness
and allelic variants (Otto and Nuismer, 2004).

The H. tvaerminnensis infection trials revealed a different pattern,
however. The continuous spore count distribution across F2 clones
suggests that multiple host loci with small effects contribute to
resistance and segregate among the F2 clones. Indeed, several minor
QTLs were identified for horizontal infections and one minor QTL was
identified for vertical infections (Figure 2). Other QTLs might have
been below the detection threshold, which is ~10% variation
explained. The QTLs on Ig 6 for horizontal and vertical infection
have the highest LOD scores on the same marker, suggesting that the
same locus might be responsible for this effect. However, horizontal
infections seem to be influenced by more loci, perhaps suggesting that
the process for horizontal infections is more complex. For example,
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Figure 2 Analysis of infection data for D. magna after exposure to H. tvaerminnensis. (a) Scatter plot of mean clonal spore counts for vertically infected
versus horizontally infected animals (both traits logjg(spore count+1) transformed). (b) QTL mapping of H. tvaerminnensis logjp(spore count+1) in
horizontally infected (black line) and vertically infected (red line) hosts. Dashed lines show the LOD threshold for significance (dashed line: P<0.05; dotted:

P<0.1). Five QTLs are detected in horizontally infected hosts. One QTL is

detected for vertically infected hosts, colocalized with a QTL for horizontal

infections on Ig 6. (c) Effect plots (means+s.e.) for genotypes at the identified QTLs. A alleles are from the resistant German parental clone; B alleles from
the susceptible Finnish parental clone. Multiple QTLs on Ig 3 and Ig 8 are indicated with letters A and B. The effect plot for marker contig29113_349
(Ilg 8A) has no AA genotypes shown, because we had only phenotypic data for a single AA genotype. This region of the map showed strong transmission

ratio distortion due to an infertility allele (Routtu et al., 2010).

genes that determine entry into the host or that modulate host
behavior to regulate exposure to the spores may have a role in
horizontal, but not vertical, infection processes, while genes respon-
sible for within host transmission and growth might affect both types

of infections. The QTL for spore counts after vertical infection is also
higher than any QTL for horizontal infections, possibly because less
noise is produced by the segregation of alleles at other loci, or because
the vertical infection process is less influenced by non-genetic effects.
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Although coevolution for the D. magna—Pasteuria system is likely
based on NFDS, this seems unlikely for the D. magna—Hamiltospor-
idium system. We can only speculate about the coevolutionary
processes at work in this system. Previous work demonstrated genetic
variation for resistance to Hamiltosporidium (Ebert, 2008), local
parasite adaptation (Altermatt et al., 2007) and that transmission to
sexual eggs is more impaired if the host outbreeds than in case of
selfing (Vizoso et al., 2005; Ebert et al., 2007). The current study
suggests that the genetic variation underlying these findings is of a
quantitative nature, with several minor QTLs contributing to it.
Therefore, coevolution is unlikely to be driven by NFDS.

A study by Zbinden et al. (2008) suggests that the dynamic nature of
the metapopulation may be the driving force for shaping resistance
polymorphisms in the D. magna—H. tvaerminnensis system. Experi-
mental evolution in the field suggested that the hosts in parasitized
populations adapted to the parasite and that this adaptation was costly
in the parasite’s absence. Spore counts and infection assays were not
conducted. This metapopulation is highly dynamic, with an average of
16% of all D. magna populations going extinct each year, although this
is balanced by recolonizations (Pajunen and Pajunen, 2003). At
any moment, ~50% of D. magna populations are infected by
H. tvaerminnensis (Ebert et al, 2001). Most newly colonized pools
are free of the parasite but will become infected with a high likelihood
in the following years (Ebert et al, 2001). Thus, the evolution of
resistance may progress in the following way: a Daphnia population
loses resistance after colonizing a pool without the parasite, but then
adapts to the parasite after the parasite colonized the host population.
This form of evolution is not limited to a specific genetic architecture.
A complex, quantitative genetic trait architecture, as revealed by our
QTL study, would suffice.

No evidence for colocalization of defence genes

In our QTL panel, Daphnia’s resistance to the two parasites is based
on different underlying genetics, with different phenotype distribu-
tions, different QTLs strengths and no colocalized QTLs. Therefore,
we cannot assume that common features of the Daphnia immune
system (McTaggart et al., 2009) explain the observed variation. This is
also consistent with an experimental evolution study in the presence
and absence of Hamiltosporidium (Zbinden et al., 2008), where no
correlation between resistance to Pasteuria and Hamiltosporidium was
found. Still, certain aspects of the immune system could act on both
parasite systems during an infection, even if these seem not to
contribute to variation in resistance.

Fine mapping of resistance genes

As Pasteuria resistance shows a single, strong QTL peak, its resistance
locus could feasibly be fine mapped. Indeed, the single strong QTL
and evidence for Mendelian segregation indicate the presence of a
single locus, and the strength of the QTL and the mostly consistent
infection results within clones suggest weak environmental effects,
making fine mapping an attractive prospect. Currently, however, the
region of interest is over 1 MB long, with ~ 200 annotated genes, many
without known functions; thus, it would be difficult to select candidate
genes in the region of interest. We are thus developing markers for a
recombination breakpoint analysis to narrow the region down. In
contrast, fine mapping the loci responsible for H. tvaerminnensis spore
count variation does not seem promising. Multiple minor peaks,
epistatic interactions and variation for spore counts within clones
make it difficult to link phenotypes with genotypes. The single peak
for vertical infections offers a better option for fine mapping, but with
only 13.8% of the variance explained by this peak, it would still be
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difficult. In addition, the regions in the D. magna genome (version
2.4), where the QTLs for H. tvaerminnensis spore counts are located
are poorly assembled, further complicating the prospect of fine
mapping these QTLs. With the current version of the D. magna
genome (version 2.4 of the D. magna genome consortium) still
divided into about 50 000 contigs and scaffolds, progress is limited.

Steps of the infection process

P. ramosa’s infection process can be subdivided into a number of
steps: encounter, spore activation, attachment, penetration of the host
cuticle and within-host steps (Duneau et al, 2011; Hall and Ebert,
2012). The host’s interference with any of these steps could contribute
to host resistance. Our experimental design and knowledge of the
system allow us to pinpoint the step that explains most of variance in
the current study The encounter step, for example, can be ruled out, as
our experimental design treated all hosts with a suspension of finely
suspended spores in the water. Spore activation can also be excluded,
as it shows no genetic or environmental variation (Duneau et al.,
2011). The attachment step—during which the parasite attaches to the
lining of the host esophagus—is the best candidate to explain most of
the here observed variation. Attachment has been shown to be
invariable with regard to environmental conditions and has been
shown to be a binomial trait, with Daphnia clones either allowing
attachment or not (Duneau et al, 2011; Luijckx et al, 2011). If
attachment fails, hosts do not become infected. We believe our results
here mainly reflect variation in the host locus for Pasteuria attachment.
In the next step, the attached parasite needs to penetrate the host body
wall. If the host moults before Pasteuria completed penetration into
the body cavity, it is able to shed its carapace with the parasite and
remain uninfected (Duneau and Ebert, 2012). At 20°C, if the host
moults within ~ 12 h after attachment, the likelihood of infection is
strongly reduced. The moulting step may therefore explain cases where
only some of the six host clone replicates became infected (Figure 1).
In the final step, the parasite is exposed to the host’s immune system,
which sometimes clears the infection, again explaining the failure of
some replicates to became infected (Ben-Ami et al, 2010; Hall and
Ebert, 2012), although this is not common under good environmental
conditions (Ben-Ami et al., 2010; Hall and Ebert, 2012).

The stepwise infection model cannot explain why some host clones
had only one or two infected replicates. It may be that the high spore
dose (200 000 spores per host) used in this study enabled infection by
another mechanism for some individuals of clones that do not allow
attachment otherwise. Other points of entry into the host have been
observed (Duneau, personal communication) but were not monitored
in the current study. However, these alternative infection routes may
only occur rarely and might be overlooked in large-scale experiments
such as the QTL analysis conducted here. Another possible explana-
tion is that a second parasite genotype (mutation or contamination)
was present in our material but did not lead to high infection rates due
to its low abundance. In any case, the low number of infections
observed in some clones seemed not to interfere with the discovery of
the major QTLs for resistance in these systems. Coding the data in
binary form or using the proportion of infected replicates as
dependent variables resulted in the same outcome (Table 1 and
Figure 1).

CONCLUSIONS

What factors determine the type of resistance genetic architecture at
work? A crucial difference between the Pasteuria and the Hamiltospor-
idium system is the barrier defence (the attachment step with a
genetically determined yes/no infection response) that governs the



overall infection success for Pasteuria. The genetics of this attachment
step fall in line perfectly with the assumptions of Red Queen models
(Luijckx et al, 2013). This is not the case for microsporidian
infections, which infect the host by shooting—in a harpoon-like
manner—a tube into the host tissue and forcefully injecting their
cytoplasm directly into the host cell. Thus, no barrier defence seems to
exist against microsporidians (Wittner and Weiss, 1999) and the host’s
degree of resistance seems determined by genetic polymorphisms at
the level of its within-host cell immune system, which is likely much
more complex than the apparently simple genetics of the Pasteuria
attachment step (Auld et al. 2010). Although Pasteuria resistance is
also influenced by the host’s immune system (Hall and Ebert, 2012),
the immune system’s overall role in explaining variation in resistance
is much less because it encounters only those parasites that were able
to pass the barrier defence, that is, that attached to and penetrated into
the host. Thus, we speculate that barrier defences early in the infection
process may play a crucial role in shaping the distribution of genetic
variation for resistance in a given system. Barrier defences are also at
the heart of gene-for-gene models in plant—pathogen interactions,
which have been suggested to have an important role in Red Queen-
like coevolutionary dynamics (Frank, 1993; Thrall et al, 2012).
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