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Abstract

The genetic architecture of fitness-relevant traits in natural populations is a topic that has
remained almost untouched by quantitative genetics. Given the importance of parasitism
for the host’s fitness, we used QTL mapping to study the genetic architecture of traits
relevant for host–parasite interactions in the trypanosome parasite, 

 

Crithidia bombi

 

 and its
host, 

 

Bombus terrestris

 

. The three traits analysed were the parasite’s infection intensity,
the strength of the general immune response (measured as the encapsulation of a novel
antigen) and body size. The genetic architecture of these traits was examined in three
natural, unmanipulated mapping populations of 

 

B. terrestris

 

. Our results indicate that the
intracolonial phenotypic variation of all three traits is based on a network of QTLs and
epistatic interactions. While these networks are similar between mapping populations in
complexity and number of QTLs, as well as in their epistatic interactions, the variability
in the position of QTL and the interacting loci was high. Only one QTL for body size was
plausibly found in at least two populations. QTLs for encapsulation and 

 

Crithidia

 

 infection
intensity were located on the same linkage groups.
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Introduction

 

Parasitism is ubiquitous and affects a wide array of host
characteristics at all levels of biological organization.
The severe effects of parasites can manifest themselves in
drastic modifications of host behaviour (Thomas & Poulin
1998; Webster 2001), reduction of the host’s fitness (Brown

 

et al

 

. 1995) or a decline in host population size (Anderson
& May 1979; Holt & Pickering 1985), to mention just a few.
Therefore, by many accounts parasites are considered to
be one of the main driving forces for host evolution
(e.g. Hamilton 

 

et al

 

. 1990). In turn, investigating the genetic
basis of parasite resistance or susceptibility is clearly of
importance for our understanding of the parasite’s role
in host evolution. Studying quantitative trait loci (QTL),
in particular, can reveal the genetic architecture of host
traits — the number, effect and location of the involved
loci — that underlie these interactions. This method avoids

limitations by a priori physiological or mechanistic
assumptions implicit in candidate gene approaches. Our
study uses QTL analyses to infer information about the
genetic architecture of resistance/susceptibility loci of
the bumblebee 

 

Bombus terrestris

 

 L. towards its parasite

 

Crithidia bombi

 

 Lipa & Triggiani. Additionally, we studied
the genetic basis of the encapsulation response, which is
a general immune mechanism, and body size.

The bumblebee 

 

B. terrestris

 

 is a primitively eusocial
insect. Besides being an economically important pollinator
(Ghazoul 2005), it has also been intensively studied as
a model organism for host–parasite interactions (Baer &
Schmid-Hempel 1999; Schmid-Hempel 2001) and ecologi-
cal immunity (Moret & Schmid-Hempel 2000; Sadd 

 

et al

 

.
2005). The interaction with its parasite 

 

C. bombi

 

 has been
studied in particular depth. 

 

C. bombi

 

 (Trypanosomatidae)
(Gorbunov 1987; Lipa & Triggiani 1988) is a gut parasite
that is contracted by ingestion of infected cells. This
parasite is prevalent in natural populations and shows
high levels of infection during the season (Shykoff &
Schmid-Hempel 1991b). The effect of 

 

C. bombi

 

 is condition
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dependent. Mortality rates of infected bees can increase by
50% under poor host condition (Brown 

 

et al

 

. 2000). More
importantly, 

 

C. bombi

 

 dramatically reduces the success
of colony founding by infected queens, thus effectively
castrating the host (Brown 

 

et al

 

. 2003b).
A strong genetic component to 

 

Crithidia

 

 susceptibility
has been demonstrated in previous studies. Transmission
experiments, for example, have shown that the spread of a

 

Crithidia

 

 infection is slower in genetically heterogeneous
groups (Shykoff & Schmid-Hempel 1991a,c). Similarly,
parasite loads, including 

 

Crithidia

 

, for individual workers
and entire colonies are significantly reduced in the field
when the colony is genetically heterogeneous (Liersch &
Schmid-Hempel 1998; Baer & Schmid-Hempel 1999, 2001).
Furthermore, genotype-by-genotype interactions have
been demonstrated more directly in several experiments,
with the success of 

 

Crithidia

 

 infections strongly depending
on the parasite strain as well as the origin of the host bee
(reviewed in Schmid-Hempel 2001). These findings were
supported by a study in which the genotypic composition
of infections was directly assessed by microsatellite ana-
lysis (Schmid-Hempel 

 

et al

 

. 1999). The strong evidence for
genotype–by–genotype interactions makes this system
an interesting model for the study of the genetic architec-
ture of host susceptibility in host-parasite coevolution.

In contrast to the specific interactions of 

 

B. terrestris

 

and 

 

C. bombi

 

, encapsulation is a general insect immune
response elicited by a wide range of antigens. It leads to the
formation of a melanized haemocyte capsule around an
invader and to its eventual elimination. The encapsulation
response is based on the activation of the pro-phenoloxidase
cascade (Söderhall & Cerenius 1998). The cascade can be
triggered by implanting an antigen such as a piece of
nylon, which serves as a novel, experimental parasite.
In 

 

B. terrestris

 

 this encapsulation response has been shown
to correlate positively with colony fitness under field
conditions (Baer & Schmid-Hempel 2003). The strength of
the encapsulation response varies among colonies and is
therefore likely to be based on the genotypic variance for
this trait (König & Schmid-Hempel 1995; Schmid-Hempel
& Schmid-Hempel 1998). Here, the genetic basis of the
encapsulation response was studied to compare the genetic
architecture of traits shaped either by general immune
insults or by a specific host–parasite association. A second
aim was to investigate whether there is a genetic correla-
tion between the specific response to a 

 

C. bombi

 

 infection
and the encapsulation response; i.e. whether the same
genomic regions are involved in these immune defence
strategies. Additionally, we investigated the genetic basis
of body size as a benchmark trait that is presumably genet-
ically independent of the immune system, while still being
fitness relevant (Owen 1988).

Analysing the genetic basis of trait variation in natural
and wild populations remains a challenging task due to

experimental and statistical difficulties (Slate 2005). QTL
studies rely on the simultaneous assessment of a pheno-
typic trait and the genotypic information needed for the
construction of a genetic linkage map. The latter typically
requires large numbers of sib-ships or detailed pedigree
information (Slate 2005), both of which are difficult to
obtain for unmanipulated natural populations. However,
this extensive procedure can be cut short in our model
species, 

 

B. terrestris,

 

 because of its particular biology.
Specifically, bumblebees, like all hymenoptera, are
haplo-diploid, i.e. have a single locus complementary
sex-determination system (Cook & Crozier 1995). Thus,
females arise from diploid, fertilized eggs and males
from haploid, unfertilized eggs. Furthermore, queens of

 

B. terrestris

 

 may produce up to a thousand haploid sons
when reared in the laboratory. The large number of haploid
offspring derived from a single mother readily allows the
construction of linkage maps in natural populations, as
was demonstrated by Gadau 

 

et al

 

. (2001) and Wilfert 

 

et al

 

.
(2006). By studying three independent mapping popula-
tions, we were able to unveil the distribution of QTL effects
and epistatic interactions for potential fitness traits, as
relevant in natural populations.

 

Materials and methods

 

Mapping populations

 

Three independent mapping populations (BBM-1, BBM-2
and BBM-3, referred to here as B1, B2 and B3), described
in detail in Wilfert 

 

et al

 

. (2006), were established by
collecting the sons of three individual unrelated queens.
Microsatellite analysis of field-caught 

 

B. terrestris

 

 queens
has demonstrated that this species is singly mated (Estoup

 

et al

 

. 1995; Schmid-Hempel & Schmid-Hempel 2000).
Populations B2 and B3 were raised directly from wild
queens caught in northwestern Switzerland in 2003 (B2)
and 2000 (B3), respectively, and colony B1 was established
in autumn 2003 from a first generation lab-queen produced
by a wild-caught queen from a population in northeastern
Switzerland. All colonies were maintained under standard
conditions (red light, 28 

 

°

 

C and 60% relative humidity) and
fed 

 

ad libitum

 

 with sugar, water and pollen (Gerloff &
Schmid-Hempel 2005). Males were removed from their
maternal colonies as callows (i.e. newly emerged individuals)
to control their age. The males were subjected to the same
conditions and stored individually, except for mapping
population B3, where males where kept in groups of 30–40
individuals.

 

Crithidia

 

 infections

 

All males were experimentally infected with 

 

C. bombi

 

 at
maturity (4–7 days in B1, 7 days in B2 and B3). To infect
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males, we collected 

 

C. bombi

 

 cells from the faeces of
approximately 20 workers of infected source colonies.
For mapping population B2, a cocktail of four isolates was
used, whereas populations B1 and B3 were infected with
single isolates. Males were infected 

 

per os

 

 with standard
inocula of 10 000 cells (B1) or 16 000 cells (B2, B3) in 10 

 

µ

 

L
or 20 

 

µ

 

L of 50% sugar water, respectively. Prior to infection,
males were starved for 7–12 h and were only included in
the mapping population if they had been observed imbibing
the inoculum. After infection, males were kept individually
for another week under standard conditions. The intensity
of 

 

Crithidia

 

 infection was measured by dissecting the male’s
gut and counting 

 

Crithidia

 

 cells in a Ringer solution of the
extracted gut content in a Neubauer improved haemo-
cytometer. The study protocol assumes that individuals
become infected after taking up the inoculum. It is not
possible to fully monitor whether the bees might instead
reject the inoculum soon after ingestion. Therefore, it cannot
be distinguished with certainty whether the eventual
absence of an infection is due to nonacceptance of the dose
or to the complete resistance of an individual. Therefore,
all individuals found to be noninfected were removed
from the QTL analysis to avoid spurious scores, which
would introduce random variation of the measured pheno-
type into the QTL mapping process.

 

Phenotypic comparison of 

 

Crithidia

 

 infections in workers 
and males

 

While studying the haploid progeny of a 

 

B. terrestris

 

 queen
allows genetic linkage mapping and QTL analyses in a
natural population, this limits the phenotypic assessment
to the males. In order to evaluate the phenotypic differences
between the two sexes, workers and males from six
colonies were infected as described above with standard
inocula of 10 000 cells of a 

 

Crithidia

 

 cocktail. Infection levels
were measured as above, except that Fast-Read 102 New
Grid chambers (Immune Systems Ltd.) were used instead
of Neubauer haemocytometers.

 

Encapsulation reaction

 

In population B3, the individuals from the infection assay
were simultaneously scored for the encapsulation reaction
at 14 days of age before being sacrificed in accordance with
the overall infection protocol. In population B1, in contrast,
a separate batch of 77 individuals aged 4–7 days was used
for the encapsulation assay. Encapsulation response was
measured according to the standard protocol as described
earlier (Schmid-Hempel & Schmid-Hempel 1998; Gerloff

 

et al

 

. 2003). In short, the males were anaesthetized and a
piece of nylon thread (

 

c

 

. 0.8–1 mm) was inserted into the
abdomen via an intersegmental membrane. Bees were
freeze-killed in liquid nitrogen 2 h after treatment to stop

the reaction. The nylon filament was dissected from the
males’ abdomen and mounted on a microscopic slide.
Using the 

 

imagej

 

 program (Abramoff 

 

et al

 

. 2004; available
at: http://rsb.info.nih.gov/ij), we determined the mean
grey value for the density of the encapsulation response of
the implant against the background grey value.

 

Body size

 

As a proxy for body size, the length of the radial cell of
the forewing was measured. This measure correlates well
with body size and other morphometric features in 

 

Bombus

 

(Owen 1988, 1989; Schiestl & Barrows 1999) and can be
measured unambiguously. The forewings were removed
and mounted on a slide, and the length of the radial cell
was determined using 

 

imagej

 

 (Abramoff 

 

et al

 

. 2004) (mean
of six measurements).

 

Construction of genetic linkage maps

 

The construction of the linkage maps is described in detail
in Wilfert 

 

et al

 

. (2006). Populations were genotyped for
72–246 amplified fragment length polymorphism (AFLP)
and microsatellite markers. Population B3 was additionally
typed for 46 random amplification of polymorphic DNA
(RAPD) markers. The high-resolution map B1 resulted in
an estimated genome coverage of 81%, spanning 2222 c

 

m

 

in 21 linkage groups (for 18 known chromosomes), at an
average marker distance of 10.3 c

 

m

 

. The less detailed maps
B2 and B3 (average marker distance 12.5–12.8 c

 

m

 

) had an
estimated genome coverage of 41%–44%, with a map length
of 1223 c

 

m

 

 and 1124 c

 

m

 

, respectively. Using recurrent
homologous microsatellites and AFLP markers to identify
homologous genome regions, a core map of 14 linkage
groups could be determined from the three independent
maps. These groups will be referred to as LG01 to LG14,
whereas the as yet nonhomologized linkage groups are
named by a combination of the mapping population and a
number (e.g. B1–15 for linkage group 15 in population B1).

 

QTL mapping

 

Mapqtl

 

 version 4.0 (Van Ooijen 

 

et al

 

. 1999) was used to
identify QTL for all traits, following the basic procedure
outlined in Gadau 

 

et al

 

. (2002). Suggestive (chromosome-
wide) and significant (genome-wide) QTL were confirmed
statistically using the standard permutation test for
interval mapping (Churchill & Doerge 1994) incorporated
into the program. First, standard interval-mapping was
carried out to identify the major QTL. Then MQM-mapping
(multiple-QTL-model) was used to fit more than one QTL
at a time. Suggestive QTLs determined in the interval
mapping procedure were used as cofactors during the
consecutive MQM-mapping. If the LOD value for a QTL
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linked with the cofactor dropped below the suggestive
threshold during the MQM-mapping, it was removed
from the cofactor list and MQM was run again. This
procedure was repeated until the cofactor list remained
stable.

 

Digenic epistasis

 

epistat

 

 (Chase 

 

et al

 

. 1997) was used to search for epistatic
interactions of QTLs. This program searches the whole
genome for significant interactions between QTLs and
uses log-likelihood ratios to compare the likelihood of
explaining the effects by the null, additive, or epistatic
models (see Chase 

 

et al

 

. 1997; the program is available
for download at http://64.226.94.9/epistat.htm). First, an
automated search option was used to identify all
digenic interactions. This search was constrained by a
minimal group size of 10 and a threshold of six LLR
(log-likelihood ratio) for the comparison of an additive
model vs. a nonadditive model, as suggested by Chase

 

et al

 

. (1997).
The interactions were analysed with a Monte Carlo

program implemented in 

 

epistat

 

 to test for statistical
significance. A total of 1 000 000 trials were carried out for
each interaction. We transformed the 

 

P

 

 value found in the
Monte Carlo simulation (the probability that a single trial
exceeded the observed value) into a corrected 

 

P

 

 value
of p

 

′

 

 = 1 

 

− 

 

(1 

 

− 

 

p)

 

n

 

 (where n = number of mapped markers;
n

 

B1

 

 = 235, n

 

B2

 

 = 112 and n

 

B3

 

 = 112) to account for the high
number of tests (Lark 

 

et al

 

. 1995). For each interaction, we
calculated the additive effects of the two involved loci (A/
a and B/b) and their epistatic effect, the interaction
deviation. The additive effects are calculated as Add_A =
(G

 

AB

 

 + G

 

Ab

 

 – G

 

aB

 

 – G

 

ab

 

)/4 and Add_B = (G

 

AB

 

 + G

 

aB

 

 – G

 

Ab

 

– G

 

ab

 

)/4, respectively. The epistatic effect is calculated
as Epi_ = ((G

 

AB

 

 + G

 

ab

 

)/2

 

−

 

(G

 

Ab

 

 + G

 

aB

 

)/2)/2. In the phase-
known population B1, the allele combination ‘AB’ (F

 

0

 

-
mother) and ‘ab’ (F

 

0

 

-father) are defined as the parental
combinations. In populations B2 and B3, the identity of
the parental allele combinations is not known. For these
populations, only the absolute magnitude of the effects
is therefore given, as the direction of epistatic effects
depends on the identity of the parental combinations.
The effect size was transformed to the percentage of the
population mean.

Linear models including the main effect QTLs detected
via interval and MQM mapping and the significant two-
way interactions from the 

 

epistat

 

 analysis were constructed
in order to compare their respective effects on the pheno-
type. The type III sums of squares of each term of the
analysis was divided by the total of the type III sums of
squares to obtain the partial 

 

r

 

2

 

 of the respective term (main
effect QTL or interaction term). This analysis is analogous
to the determination of epistatic 

 

r

 

2

 

 implemented in the

program 

 

epistacy

 

 (see Holland 

 

et al

 

. 1997; Holland 1998).
While the 

 

r

 

2-

 

values resulting from this analysis provide
useful estimates of the relative contributions of epistatic
interactions and QTLs to the trait’s genetic architecture,
they should not be taken at face value. Therefore, we only
report the ratio of the percentage of phenotypic variation
explained by epistatic interactions and main effect QTLs.

 

Results

 

Phenotypes

 

Crithidia

 

 infection patterns were analysed in three mapping
populations. Infection rates in the studied mapping popu-
lations ranged from over 90% (98.6% in population B1 and
93.4% in B3) to 53.5% in population B2. Only the infected
individuals (n

 

B1

 

 = 276, n

 

B2

 

 = 145 and n

 

B3

 

 = 170) were
considered in further analyses. Infection intensities varied
between populations, with a mean of 1386 

 

±

 

 1804 (mean 

 

±

 

SD) cells 

 

µ

 

L

 

−

 

1 and a median of 440 cells µL−1 in population
B1, 724 ± 1543 cells µL−1 and 80 cells µL−1 in population B2,
and 2935 ± 3178 cells µL−1 and 1900 cells µL−1 in population
B3, respectively. The raw infection intensities were roughly
Poisson-distributed, being heavily skewed to the left
with an approximately continuous tail to the right.
Tilquin et al. (2001) could show that parametric QTL
mapping approaches such as the maximum likelihood
method used in this analysis suffer a loss in power if the
assumption of normality is violated in this form typical
of parasitic cell counts. Yet they also demonstrated that
this loss could be circumvented by transforming data,
e.g. by a log-transformation, to normalize variances. The
cell counts were therefore log-transformed to increase
the power and accuracy of the QTL analysis.

The strength of the encapsulation reaction was measured
in arbitrary units as the mean grey value of the artificial
implant in populations B1 (population mean: 41.8 ±
14.3 units, n = 76) and B3 (36.5 ± 19.0 units, n = 173). The
strength of the encapsulation reaction had previously been
shown not to be affected by the infection intensities of
an experimental Crithidia infection (Allander & Schmid-
Hempel 2000). Crithidia infection intensity and encapsulation
reaction were simultaneously assayed in population
B3, where they showed no correlation (P = 0.13, R = −0.12,
n = 164). To test both traits independently, they were
assayed in different subsets of individuals in population
B1. Body size was measured via the length of the radial
cell of the forewing in population B1 (3.61 ± 0.16 mm,
n = 359) and B2 (3.58 ± 0.13 mm, n = 85). Body size was
not significantly correlated with any of the other traits
(P > 0.1).

The genetic mapping strategy adopted here limits the
phenotypic assessment to males. To test whether Crithidia
infections show similar dynamics independent of an
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individual’s sex, workers and males of six colonies were
experimentally infected with C. bombi. Infection rates
ranged from 29.6% to 79.6% in males and from 52.1% to
85.7% in workers. The infection prevalence is significantly
different for the two sexes (2 × 2 contingency tables,
cumulative Chi-squared = 37.7, P < 0.001, d.f. 6, nmales = 297,
nworkers = 351), showing a strong worker bias. The infection
intensities in our experiment showed the typical left-
skewed distribution, with median cell counts ranging from
200 to 625 cells µL−1 in males and from 318 to 1042 cells µL−1

in females. However, the median infection intensities are
not significantly different in males and females over colonies
(Wilcoxon signed-rank test, Z = 1.05, P = 0.293). In a general
linear model of the log-transformed data for infection
intensity, colony is not significant as a factor (F = 0.48,
P = 0.79) while sex is (F = 7.63, P < 0.01), yet it explains
very little of the total variation (r2 = 1.3%). Thus, with the
exception of generally lower infection prevalence in males,
the dynamics of Crithidia infection are comparable between
B. terrestris workers and males.

QTL analysis

Using both interval mapping and MQM mapping, we
identified two (B1 and B3) to three (B2) suggestive
QTLs (i.e. QTLs significant on the chromosome level)
for Crithidia infection (see Table 1). Cumulatively, they
explained 6.6%, 13.6% and 11.5% of phenotypic variation
via MQM mapping in populations B1, B2 and B3, respectively.
For the strength of the encapsulation response, we also
found two to three suggestive QTLs in populations B1 and
B3, depending on the mapping method employed (see

Table 1). Via MQM mapping, these QTL cumulatively
explained 23.2% (B1) and 9.7% (B3) of phenotypic variation.
For the variation in body size, we each found one significant
QTL (i.e. significant at the genome-wide threshold), and
five and three suggestive QTLs, respectively, in populations
B1 and B2. Using MQM mapping, these QTL cumulatively
explained 16% (B1) and 39% (B2) of the observed phenotypic
variance in the respective population. For body size, we
found the QTL BS-4 in both populations B1 and B2 at
the same position on LG01. Except for BS-4, all of the QTLs
were unique to their population.

For all traits and populations we found epistatic inter-
actions (Table 2), even though we conservatively corrected
for all mapped markers. The detection of epistatic inter-
actions in a natural population was facilitated in this
study by the use of haploid males. To correct for the large
number of pair-wise comparisons, we chose a significance
threshold that corrects for the number of all mapped markers
at a level corresponding to P < 0.05. This approach is very
conservative since the markers are not statistically inde-
pendent due to linkage; many other studies therefore only
correct for the number of linkage groups (e.g. Gadau et al.
2002; Malmberg et al. 2005). Frequently, several marker
pairs were involved in the pair–wise interactions between
the same linkage groups; in this case we only report the
most significant interaction.

For the strength of the encapsulation response and the
intensity of Crithidia infection, we found three epistatic
interactions in each population (see Table 2, Fig. 1). Five
epistatic interactions were detected for body size in popu-
lation B1, while only one was found in B2. For the Crithidia
infection intensity and the strength of the encapsulation

Fig. 1 Genetic architecture of the studied traits in the three populations (B1, B2 and B3); solid triangles indicate main effect QTLs for
infection intensity (with digenic epistatic interactions indicated by solid lines), open triangles for encapsulation strength (broken lines), and
dotted triangles for body size (dotted lines). In the graph, linkage groups are shown as ovals, with the number indicating the respective
group. The linkage groups LG01 to LG14 (bold outline) are homologous among the three populations (Wilfert et al. in press). Plain ovals
indicate nonhomologous groups.
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Table 1 Main effect QTLs determined via interval (IM) and MQM mapping

Trait Population Name

Location IM mapping MQM maping Lod threshold Mean allelic value

Add_§LG cM Marker Lod* PVE† [%] Lod* PVE† [%] Per group genome wide A‡ a‡

Crithidia BBM-1 Cri-1 BB1-16 51.5 A04F_104 1.6 2.9 1.8 3.2 1.6 2.9 2.46 ± 0.85 2.74 ± 0.82 −5.4
Crithidia BBM-1 Cri-2 LG11 65.5 A02P_124 1.8 3.1 2.1 3.4 1.5 2.9 2.71 ± 0.79 2.42 ± 0.86 5.6
Crithidia BBM-2 Cri-3 LG04 5 A02E_245 1.1 3.9 1.3 4.2 1.0 2.5 2.46 ± 0.88 2.07 ± 0.79 9.2
Crithidia BBM-2 Cri-4 LG13 0 A03F_209 1.5 4.6 1.2 – (d) 1.3 2.5 2.28 ± 0.89 1.94 ± 0.67 8.1
Crithidia BBM-2 Cri-5 LG14 0 A03F_146 1.9 9.1 2.0 9.4 1.4 2.5 2.45 ± 0.85 1.84 ± 0.63 14.5
Crithidia BBM-3 Cri-6 BB3-17 23.3 A03D_161 1.2 — 1.5 5.3 1.3 2.8 3.43 ± 0.39 3.26 ± 0.31 2.6
Crithidia BBM-3 Cri-7 BB3-22 2.2 A02H_213 0.8 — 1.2 6.2 1.0 2.8 3.42 ± 0.34 3.27 ± 0.38 2.3
Encaps. BBM-1 Enc-1 LG11 10.4 A02D_223 1.6 9.0 1.7 8.2 1.5 3.1 38.4 ± 38.4 46.6 ± 17.3 −9.8
Encaps. BBM-1 Enc-2 BB1-17 50.2 A06K_160 1.9 11.0 1.8 8.5 1.5 3.1 37.3 ± 11.9 46.7 ± 15.2 −11.3
Encaps. BBM-1 Enc-3 BB1-16 64.7 A01M_129 1.2 — 1.4 6.5 1.4 3.1 38.6 ± 13.1 46.1 ± 14.9 −9.0
Encaps. BBM-3 Enc-4 LG03 62.2 B100 1.8 5.3 1.8 5.1 1.3 2.6 39.0 ± 17.8 31.8 ± 16.8 9.9
Encaps. BBM-3 Enc-5 LG05 0 BT11 1.4 4.7 1.5 4.6 1.1 2.6 37.3 ± 21.5 28.7 ± 13.6 11.8
Encaps. BBM-3 Enc-6 BB3-21 0 A04B_165 1.3 6.6 0.8 — 1.1 2.6 36.4 ± 20.7 27.4 ± 14.0 12.3
Body BBM-1 BS-1 LG08 41.7 A02L_258 3.0 4.1 3.9 4.7 1.7 3 3.65 ±±±± 0.13 3.58 ±±±± 0.16 1.0
Body BBM-1 BS-2 LG07 130.8 BL03 1.7 — 2.5 2.9 1.8 3 3.59 ± 0.14 3.63 ± 0.16 −0.6
Body BBM-1 BS-3 LG03 15.6 BT30 2.0 2.6 1.8 2 1.8 3 3.58 ± 0.14 3.63 ± 0.16 −0.7
Body BBM-1 BS-4 LG01 0 A02E_106 2.7 3.5 3.1 3.6 1.9 3 3.58 ±±±± 0.14 3.64 ±±±± 0.16 −−−−0.8
Body BBM-1 BS-5 BB1-15 41.8 A02E_280 1.6 — 2.3 2.8 1.7 3 3.63 ± 0.15 3.58 ± 0.16 0.7
Body BBM-1 BS-6 LG01 57 A11E_061 2.3 2.9 1.2 — 1.9 3 3.59 ± 0.16 3.64 ± 0.15 −0.7
Body BBM-2 BS-4 LG01 147.6 A05B_267 0.9 — 2.4 9.6 1.7 2.6 3.61 ± 0.12 3.55 ± 0.13 0.8
Body BBM-2 BS-7 LG06 17.8 BT04 1.2 6.1 2.1 7.8 1.2 2.6 3.61 ± 0.11 3.55 ± 0.13 0.8
Body BBM-2 BS-8 LG10 10.2 A02E_044 1.0 — 1.6 6.6 1.2 2.6 3.62 ± 0.14 3.57 ± 0.14 0.7
Body BBM-2 BS-9 BB2-15 38.5 A06H_312 1.8 9.5 3.6 15 1.5 2.6 3.62 ±±±± 0.15 3.54 ±±±± 0.15 1.1

Note: QTL significant at the genome-wide level are shown in bold.
*Lod values above the group-wide or genome-wide Lod threshold indicate a suggestive or significant QTL, respectively (P < 0.05); †PVE: = phenotypic variation explained by the QTL; 
‡in population BBM-1, the mean allelic value of allele ‘A’ refers to the mean phenotype value for the maternal allele whereas ‘a’ refers to the paternal allele; in populations BBM-2 and 
BBM-3, true phase could not be determined (see Wilfert et al. in press) and therefore allele A was randomly assigned to the higher phenotypic value; §additive effect Add = (µA – µa)/2; 
µ: = mean allelic value (Van Ooijen et al. 1999); ¶if a QTL did not reach the group-wide significance Lod threshold for interval or MQM mapping, no value is given for the explained 
phenotypic variance.
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Table 2 Digenic epistasis

Trait Population Name

Marker A Marker B Genotypic values* Effects† 

LG cm Marker LG cm Marker AB Ab ab aB Add_A Add_B Epi_

Crithidia BBM-1 Ecri-1 LG03 15.6 BT30 LG06 99.8 A05K_320 2.23 2.72 2.41 2.98 −4.3 1.5 −10.3
Crithidia BBM-1 Ecri-2 BB1-15 79.4 A11L_047 LG07 31.4 BTERN 2.84 2.41 2.76 2.35 1.4 0.4 8.1
Crithidia BBM-1 Ecri-3 LG04 108.2 A07F_123 LG02 39.5 A10K_226 2.35 2.75 2.50 2.93 −3.2 0.6 −8.0
Crithidia BBM-2 Ecri-4 LG14 21.7 A03F_132 BB2-22 0 A01G_331 2.22 1.53 2.42 2.08 8.9 8.3 12.2
Crithidia BBM-2 Ecri-5 LG01 66.4 BT05 LG12 3.9 BT20 1.89 2.48 1.81 2.25 3.7 3.6 12.2
Crithidia BBM-2 Ecri-6 BB2-16 53 A02G_335 LG03 0 BT12 1.84 2.36 1.89 2.32 0.1 2.1 11.3
Crithidia BBM-3 Ecri-7 LG10 0 A05D_084 LG13 0 A12–610 2.20 2.48 2.16 2.63 0.8 2.9 5.7
Crithidia BBM-3 Ecri-8 BB3-23 0 A04B_165 BB3–15 50.4 A02H_440 2.44 2.27 2.49 2.09 1.0 3.5 4.3
Crithidia BBM-3 Ecri-9 LG07 18.3 A03D_350 LG13 0 A12–610 2.09 2.38 2.30 2.61 3.3 0.3 4.5
Encaps. BBM-1 Eenc-1 LG07 122.8 A11E_273 LG1 55.2 A02G_067 47.9 25.2 47.6 25.9 −0.2 1.2 26.6
Encaps. BBM-1 Eenc-2 LG11 0 A09P_064 LG03 30.4 A05K_286 38.0 22.8 47.6 34.1 −12.5 2.0 17.2
Encaps. BBM-1 Eenc-3 LG08 62.5 A06G_055 LG05 0 BT21 47.6 31.9 40.5 25.7 8.0 1.1 18.3
Encaps. BBM-3 Eenc-4 BB3-23 11.6 A04B_078 LG05 104.9 T17–250 39.7 28.6 45.7 36.8 9.7 3.0 13.7
Encaps. BBM-3 Eenc-5 BB3-27 0 P16–230 LG06 31.4 P04–1300 45.0 36.1 48.2 37.3 3.0 2.7 13.5
Encaps. BBM-3 Eenc-6 BB3-19 0 M08–480 LG01 26.2 I11–380 39.6 45.0 35.4 44.9 2.9 5.6 10.2
Body BBM-1 Ebs-1 LG03 114.4 A01L_346 LG05 15.7 BT11 3.58 3.66 3.60 3.66 −0.1 −0.3 −1.0
Body BBM-1 Ebs-2 LG01 98.9 A04K_285 BB1-16 87.4 A02E_100 3.52 3.68 3.64 3.68 −0.8 −1.7 −1.4
Body BBM-1 Ebs-3 LG09 141.6 A04L_223 BB1-17 14.3 A11E_106 3.63 3.57 3.67 3.59 −0.4 −0.3 1.0
Body BBM-1 Ebs-4 LG07 20.6 A01M_051 LG13 20.9 A05B_345 3.60 3.56 3.62 3.51 0.2 −1.0 1.0
Body BBM-1 Ebs-5 LG11 0 A09P_064 BB1-15 79.4 A11L_047 3.67 3.58 3.63 3.58 0.3 0.6 1.0
Body BBM-2 Ebs-6 LG01 61.4 A07F_145 LG03 54.8 BT26 3.52 3.64 3.54 3.61 0.1 0.7 1.3

Note: all interactions are significant at the P < 0.05 level, corrected for all mapped markers. Alleles are designated by A/a or B/b for the two interacting loci.
*A/a and B/b represent the alleles at the two loci; for the phase-known mapping population BBM-1, the A- and B-alleles are provided by the F0-mother and the a- and b-alleles by the F0-
father. For populations BBM-2 and BBM-3, this assignation is random. In population BBM-1, the combinations ‘AB’ and ‘ab’ therefore represent the two possible parental genotypes, 
whereas in the phase-unknown populations either AB/ab or Ab/aB could be the parental allele combinations.
†The additive effects are calculated as Add_A = (GAB + GAb – GaB – Gab)/4 and Add_B = (GAB + GaB – GAb – Gab)/4, respectively (G: = genotypic value); the epistatic effect, is calculated 
as Epi_ = ((GAB + Gab)/2 − (GAb + GaB)/2)/2 (Chase et al. 1997). For BBM-2 and BBM-3, only the absolute amount of the effects is given, since the direction of epistatic effects depends on 
the identity of the parental combinations. The effect size was transformed to the percentage of the population mean.
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reaction, the epistatic effect of interactions was always
much higher than the additive effects of the loci involved
in the interactions (Table 2). For body size, this picture was
less clear, with additive effects out-ranking epistatic effects
within two interactions (Ebs-2 and Ebs-4; see Table 2).

To assess the importance of main effect and epistatic
QTLs on the explained phenotypic variation, we con-
structed general linear models with all QTLs and epistatic
interactions identified in the respective analyses. For the
Crithidia infection intensity and the strength of the encap-
sulation reaction, the total of the epistatic interactions
generally explained more of the phenotypic variation than
the combined main effect QTLs. The ratio 
was larger than 1 for these traits in all populations (Qcrithidia-1
= 8.7, Qcrithidia-3 = 1.9, Qenc-1 = 2.0, Qenc-3 = 2.1), except for
Crithidia infection in population B2 (Qcrithidia-2 = 0.4). For
body size, the opposite was the case, with the main effect
QTLs responsible for the major proportion of explained
phenotypic variation in both studied populations
(Qbody-1 = 0.2, Qbody-2 = 0.2). A comparison of the effects
of main effect QTLs and interactions similarly shows the
importance of epistasis, with the epistatic effects of
the interactions (Table 2) generally being higher than the
additive effect of QTLs (Table 1; Wilcoxon signed-rank
test, Z = −2.853, P < 0.01).

Genetic architecture

The genetic architecture of the studied traits, i.e. how the
involved loci are distributed over the genome, suggests
that the genetic basis of susceptibility to infection with
C. bombi is not independent from that of the encapsulation
reaction (see Fig. 1). In population B1, the two QTL for
Crithidia infection intensity Cri-1 and Cri-2 on the linkage

groups B1–16 and LG11 coreside with two loci for
encapsulation strength (that is, Enc-3 and Enc-1; Table 1,
Fig. 2). There is no such overlap between the other trait
combinations. To test whether this aggregation is significant,
we performed a test of association (similar to tests for
species association (Ludwig & Reynolds 1988). In this
simplified approach we did not correct for the size of
linkage groups. This procedure is conservative, since the
linkage groups with the colocated loci are shorter than
average (LLG11 = 65.5 cm, LB1−16 = 87.5 cm, mean length
L = 105.8 ± 56.1 cm). We found that the association was
highly significant (Chi-squared = 12.9, d.f. = 1, P < 0.001).
While there was no overlap in main effect QTLs in
population B3, the marker A04B165 on linkage group
B3–21 is associated both with a QTL for the strength of
encapsulation (Enc-6) and an epistatic interaction for
Crithidia infection intensity (Ecri-8). Together, this indicates
that the genomic location of QTLs for these two traits are
not independent of one another.

Discussion

In this study, we have used samples from natural
populations to study the genetic architecture of fitness-
relevant traits in a controlled environment. According to a
recent review (Slate 2005), it appears that this is the first
time that such an approach has been used, although two
recent studies on Plasmodium resistance in the genetically
well characterized mosquito Anopheles gambiae have employed
similar procedures (Niaré et al. 2002; Menge et al. 2006).
According to Slate (2005), such an experimental setting
enables the distribution of QTL effects in a population to be
studied in a manner that is relevant to the natural context
from which the animals were obtained.

Fig. 2 Association of QTLs for encapsulation strength and Crithidia intensities. The graphs show the Lod-curves of MQM mapping of
Crithidia infection intensity (dots and continuous line) and encapsulation (triangles and dashed line) on the linkage groups LG11 (left) and
B1–16 (right). The respective group-wide Lod threshold is indicated for each trait and linkage group (Lod = 1.5 for both traits on linkage
group LG11; LodCrithidia = 1.6 (continuous line) and LodEncapsulation = 1.4 (dashed line) on linkage group B1–16).

Q r r  /= epistasis QTLs
2 2
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The eusociality and haplo-diploid genetics of B. terrestris
enabled us to exploit the haploid male progeny of queens
to measure recombination directly. While this allows the
genetic architecture of natural variation to be revealed in
unmanipulated populations with ease, it limits the pheno-
typic assessment to the haploid males. Males and females
often differ in many phenotypic traits; for example, parasite
infections are male or female biased in many arthropods
(reviewed in Sheridan et al. 2000). For the traits used in this
study, Gerloff et al. (2003) demonstrated that males are
significantly larger than workers (radial cell length 3.44 vs.
2.83 mm) and that they show a significantly weaker encap-
sulation reaction in standard tests (46.43 vs. 56.53 units).
For C. bombi infections, Shykoff & Schmid-Hempel (1991b)
found that the infection rate was worker-biased in a natural
field population. We have demonstrated a similar bias in a
large number of controlled infections of workers and males
from the same colonies. Note that in a similar experiment
with low sample sizes, Ruiz-Gonzalez & Brown (2006) found
no difference in prevalence between males and workers.
Here, we found in our current sample that the effect of
sex on infection intensities is negligible. Thus, the main
difference in Crithidia infection patterns between males
and workers resides in a generally reduced infection rate
in males and hence, analysing the infection intensity data
used for QTL analysis should be comparable for both sexes.

For the quantitative trait of Crithidia infection intensity,
we have found a total of seven main effect QTLs in the
three independent mapping populations. In the two popu-
lations in which variation in encapsulation strength (B1
and B3) and body size (B1 and B2) were studied, we found
six QTLs for encapsulation and nine QTLs for body size,
respectively. The QTLs generally explained less than 10%
of phenotypic variation (PVE), with the exception of the
QTL BS-9 (15% PVE). Furthermore, all QTLs were unique
for their population, with the plausible exception of the
QTL BS-04, which maps to the same region of linkage
group LG01 in populations B1 and B2. It is indeed a com-
mon finding in QTL studies — including studies on arti-
ficially selected model organisms — that only a fraction of
QTLs are ever found again in multiple assays differing
even slightly in their experimental setup. For example,
Arru et al. (2002) found three unique QTLs for resistance to
the fungal pathogen Pyrenophora graminea in two crosses of
barley (Hordeum vulgare). Furthermore, studying the resist-
ance against two different parasite isolates in this system,
Arru et al. (2003) found five QTLs, only one of which was
significantly contributing to the response against both isolates.

QTL studies reveal the genetic architecture of complex
phenotypic traits. Thus, even subtle variation in environ-
mental conditions, i.e. repeating experiments in different
seasons, as well as differences in the genetic background of
the mapping population, can potentially result in different
subsets of loci being identified as QTLs. The latter may

be particular relevant in studies on the genetic basis of
host–parasite interactions. Furthermore, if host–parasite
dynamics are characterized by strong genotype-by-genotype
interactions, it is to be expected that different subsets of
loci are relevant in particular host–parasite interactions.
It is possible that these processes affected our results.
In addition to these biological factors however, a problem
inherent in all methods of QTL mapping (Beavis 1994;
Zeng 1994) is the bias towards underestimating the
number of involved QTLs. This problem is exacerbated
when QTL detection is based on the naturally available
variation, as is the case here. The studied traits had not
been selected or screened for by the experimenter. In our
setup, QTLs can only be detected if the F1-queen happened
to be heterozygous for the involved alleles. A further
caveat is that the linkage maps of the three B. terrestris popu-
lations are not fully homologous. Only linkage groups
LG01 to LG14 could be homologized via recurring patterns
of microsatellites or AFLP markers (Wilfert et al. in press).
For QTLs on nonhomologous or not fully mapped chromo-
somes, no valid comment on their uniqueness is possible.
For example, Cri-3 (LG04) and Cri-4 (LG13) are clearly not
identical with any of the other Crithidia susceptibility loci,
because the involved genomic areas are fully homologous
in all three populations. For Cri-1, Cri-6 and Cri-7 on the
other hand, no conclusion can be drawn because these QTL
are located on nonhomologous linkage groups. An impor-
tant advantage, however, is that in this way the natural
genetic variation underlying the phenotypic variation of
the studied traits is exposed just as it would become
operational in any natural infection.

The genetic architecture of the general immune defence
of encapsulation and the specific susceptibility towards
the parasite C. bombi show a similar pattern. Remarkably,
QTLs responsible for the strength of encapsulation and for
the intensity of Crithidia infection were colocated on the
same linkage groups (Fig. 2). This non-random association
must not be mistaken for pleiotropy, since the QTLs peaks
are spaced 10 cm to 45 cm apart. This does, however, raise
the interesting possibility that microevolutionary processes
might have led to the accumulation of host defence-related
genes on particular chromosomes. Interestingly, we found
that phenotypically, Crithidia infection intensity was not
correlated with encapsulation strength in either the present
study or in previous work by Allander & Schmid-Hempel
(2000). Yet, Doums & Schmid-Hempel (2000) have shown
that infection prevalence (analysed as a binary factor:
yes/no) is significantly negatively associated with encap-
sulation rate in the field. In population B3, in which encap-
sulation strength was measured in individuals that had
previously been experimentally infected with Crithidia,
the same association was seen as a trend (F = 3.728, P = 0.055).
It should be noted that this association could mean that
either individuals with a higher standing encapsulation
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response are less likely to become infected or that infection
leads to a reduction in the strength of the encapsulation
reaction. Additionally, Mallon et al. (2003) have demon-
strated experimentally that the degree of specificity in a
colony’s susceptibility to C. bombi trades-off against the
strength of the encapsulation of an artificial antigen.

Unlike parasites such as Plasmodium spp. or trypano-
somes of the brucei group, Crithidia do not invade the
haemocoel. Instead, they are restricted to the lumen of the
hindgut (Gorbunov 1996) partly as free choanomastigotes,
partly attached to the gut wall. Evidence from water striders
(Tieszen et al. 1986; Tieszen & Molyneux 1989) and triatom-
ine bugs (Kollien et al. 1998) suggests that cells attach to the
hindgut wall via specialized structures called hemidesmo-
somes. Insect defence against gut parasites is considered
to involve lectins and lysis, as well as melanization and
encapsulation above the basal matrix as the main immune
mechanisms (reviewed in Kaslow & Welburn 1996). Accord-
ingly, Lehane et al. (2003) demonstrated that the expression
of a homolog of a Drosophila melanogaster pro-phenoloxidase
RNA, an enzyme involved in the encapsulation response,
is up-regulated in the guts of both Trypanosoma brucei-
infected and self-cleared Glossina morsitans flies. This
finding underpins the possibility that encapsulation
in the gut might play a role in insect immune defence
against trypanosomatidae. Furthermore, Nigam et al. (1997)
showed that pro-phenoloxidase from Glossina palpalis
selected for refractoriness was activated more readily than
that from Glossina morsitans individuals bred for suscepti-
bility to T. brucei. Similarly, Brown et al. (2003a) found that
an experimental C. bombi infection doubled the phenoloxi-
dase activity in the haemolymph. In the malaria–mosquito
system, encapsulation and parasite refractoriness have
an overlapping genetic architecture. In this system, a QTL
region responsible for the melanotic encapsulation of
Plasmodium cynomolgi B oocysts in the midgut of Anopheles
gambiae (Zheng et al. 1997) also contributes to the pheno-
typic variation of the encapsulation of Sephadex beads in
the haemolymph of A. gambiae (Gorman et al. 1997). In the
B. terrestris–C. bombi system, the respective traits do not
suggest pleiotropic effects, but QTLs for encapsulation
and parasite susceptibility appear to be linked.

Our results show that the fitness-relevant phenotypes
in B. terrestris are determined by a network of QTLs and
epistatic interactions. These results to some extent contradict
reports from insect model organisms such as A. gambiae
and Aedes aegypti. In these model organisms, resistance
was mostly found to be determined by few large effect
QTLs, such as the locus Pen1 which explains 54% of pheno-
typic variation of Plasmodium encapsulation in A. gambiae
(Zheng et al. 1997). Indeed, Carton et al. (2005) have con-
cluded that resistance of invertebrate hosts is generally
determined by either one or few loci of major effect. They
based their general conclusion on four invertebrate host-

parasite systems (conopid flies in Drosophila melanogaster,
mosquitoes with either malaria or filarial worms and the
snail Biomphalaria glabrata). Typically, these studies use
populations that are selected for some resistance or suscep-
tibility effect. By contrast, we have used three unselected
field-derived mapping populations. This important differ-
ence may explain our ‘failure’ to find such major QTL.
Indeed, in a similarly conducted study of field-derived
A. gambiae, Menge et al. (2006) also identified resistance
QTLs of fairly small effect, explaining merely 8.3%−14.2%
of phenotypic variations. While genes of major effects have
been found in all four of the systems reviewed by Carton
et al. (2005), this does not imply that loci of smaller effects
do not exist. For example, classic genetic studies in the
B. glabrata–Schistosoma mansoni system indicate that several
genes are determining infection intensities and that,
furthermore, different loci may be involved depending on
the particular snail–parasite combination (Richards 1984;
Jones et al. 2001). For the A. gambiae–P. falciparum system,
Riehle et al. (2006) have shown that a single genomic region
largely controls malaria infection in a natural mosquito
population in Western Africa, but they simultaneously
identified several other genomic regions of smaller effects
in a nonparametric mapping assay. Since QTL studies are
known to be generally biased towards detecting large
effect QTLs and overestimating the effect of individual
QTLs (Beavis 1994; Zeng 1994), additional QTLs with
smaller effects may play a role in many of these systems.
In plants, for example, the bias towards the molecular anal-
ysis of genes of large effects has fostered the opinion that
these genes are ultimately responsible for the outcome of
host–parasite interactions (Kover & Caicedo 2001). Yet, as
reviewed by Kover & Caicedo (2001), there is genetic and
functional evidence that resistance in plants depends on
the combined effect of many genes. The combined evidence
thus indicates that host resistance in natural populations
may be determined by a network of QTLs with small
individual effects and some major genes.

A network of epistatic interactions is accounting for a
large part of the observed phenotypic variation in the
fitness-relevant traits studied in our mapping populations.
This may be a general feature of the genetic architecture of
fitness-relevant traits in natural populations. For example,
Malmberg et al. (2005) have demonstrated similar net-
works of epistatic interactions and QTLs for flowering and
germination traits for Arabidopsis thaliana in the field. As in
the present study, the epistatic interactions explained a
large proportion of the phenotypic variation in A. thaliana.
At the moment, the implications of these epistatic inter-
actions for the evolution of quantitative traits are not
understood in detail. However, it is remarkable that in our
study epistatic effects were important for susceptibility to
infection by C. bombi, whereas this was much less the case
for a ‘household’ trait like body size.
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Host–parasite interactions are at the focus of current
evolutionary biology. Parasites are hypothesized to be one
of the main causal agents for the evolution of sex and
recombination through negative frequency-dependent selec-
tion (the ‘Red Queen’ model, e.g. Hamilton 1980; Hamilton
et al. 1981; Lively 1996). This process has been demonstrated
repeatedly in silico (e.g. Hamilton et al. 1990; Peters &
Lively 1999; Schmid-Hempel & Jokela 2002) and has been
supported by experimental and field data mostly in clonal
populations (e.g. Lively et al. 1990; Dybdahl & Lively 1998;
Carius et al. 2001). Yet, direct evidence of the occurrence of
Red Queen dynamics in natural populations — fluctuations
of alleles driven by parasites — has so far proven elusive in
sexual species. This could be remedied by studying the
variation in alleles directly involved in host–parasite
interactions, such as relevant markers identified in QTL
studies (Little 2002). The existence of epistatic interactions
between loci determining parasite resistance is an impor-
tant assumption of several hypotheses on the maintenance
of recombination (e.g. Otto & Michalakis 1998). The results
from the current study, indicating that a network of QTLs
and epistatic loci determine infection intensity in the
B. terrestris–C. bombi host–parasite interaction, are encour-
aging for further studies on host–parasite coevolution in
this system.
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