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The innate immune system provides protection from infection by producing
essential effector molecules, such as antimicrobial peptides (AMPs) that pos-
sess broad-spectrum activity. This is also the case for bumblebees, Bombus
terrestris, when infected by the trypanosome, Crithidia bombi. Furthermore,
the expressed mixture of AMPs varies with host genetic background and
infecting parasite strain (genotype). Here, we used the fact that clones of
C. bombi can be cultivated and kept as strains in medium to test the effect of
various combinations of AMPs on the growth rate of the parasite. In particular,
we used pairwise combinations and a range of physiological concentrations of
three AMPs, namely Abaecin, Defensin and Hymenoptaecin, synthetized from
the respective genomic sequences. We found that these AMPs indeed suppress
the growth of eight different strains of C. bombi, and that combinations of
AMPs were typically more effective than the use of a single AMP alone. Fur-
thermore, the most effective combinations were rarely those consisting of
maximum concentrations. In addition, the AMP combination treatments
revealed parasite strain specificity, such that strains varied in their sensitivity
towards the same mixtures. Hence, variable expression of AMPs could be an
alternative strategy to combat highly variable infections.

This article is part of the themed issue “Evolutionary ecology of arthropod
antimicrobial peptides’.

1. Introduction

When parasites infect a host, the so-called innate immune system is the first
line of defence, while the adaptive system—based on expanding T- and B-cell
populations—is only recruited somewhat later. However, in all invertebrates,
including insects, the adaptive system is missing and, hence, defence is entirely
ensured by the innate immune system. When challenged, the innate system
produces—among other things—an array of effector molecules that are
able to damage or kill an invading pathogen. This includes the production of
antimicrobial peptides (AMPs) [1].

AMPs are small molecules (up to around 100 amino acids), which are present
in a wide array of organisms representing an enormous diversity in structure and
morphology. They have broad-spectrum activity against many pathogens (anti-
bacterial, antiviral and antifungal) and are well known for their rapid onset of
killing [2]. Peptides have diverse modes of action, including disrupting microbial
homeostasis, membrane permeabilization and rupture, inhibition of protein syn-
thesis, or induction of the synthesis of reactive oxygen species causing cell death
[3-5]. AMPs are classified based on their molecular structure as well as on the
presence of particular amino acid residues [1]. The number of different AMPs pre-
sent in any one organism varies considerably, with more than 50 in some insects
[6], six in the honeybee, Apis mellifera [7], with the recently sequenced bumblebees
having only four [8,9].

AMPs should ensure defence against parasites, which are a common, diverse
and major threat to any organism [10]. Among the classes of parasites,
trypanosomes are of great interest, as they are known to be virulent, for example,
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in humans and livestock [11,12]. Moreover, trypanosomes
are also common pathogens of insects. We here study the
common European bumblebee, Bombus terrestris, which is reg-
ularly infected by the trypanosomatid gut parasite Crithidia
bombi [13]. Under good conditions, infection does not lead to
mortality, but under stressful conditions such as starvation,
worker mortality rate increases substantially [14]. The major
effect results from the near-castration of founding queens in
spring [15], such that infected queens have low fitness even if
they managed to found a colony.

When a bumblebee host is infected, several pathways of
the immune system become activated, which—among other
things—Ileads to the expression of AMPs [16,17]. This includes
the proline-rich Abaecin, cysteine-rich Defensin and glycine-rich
Hymenoptaecin. Their expression is crucial for controlling this
parasite, as their suppression by RNAi leads to higher infection
intensities in treated hosts compared with their control
counterparts [18]. This fits with earlier findings that AMPs
are effective against protozoan parasites, such as Leishmania
donovani and Plasmodium [19,20], as well as against African
trypanosomes [21].

Because the primary genomic sequence of AMPs even-
tually determines the structure of the peptide and thus its
function, signatures of selection attributed to pressure exerted
by the co-evolving parasites are to be expected. However,
while AMPs in vertebrates typically show clear signs of selec-
tion [22], evidence for adaptive evolution of the genomic
sequence of AMPs in insects is only moderate at best and
hard to find in many cases [23—26.] On the other hand, gene
duplications and deletions occur over short evolutionary
time scales at the level of AMP gene families [27,28], and
extant AMP polymorphism may be based on allelic variation
[29] instead. Signatures of selection are evident for components
of the signalling pathways where the respective genes evolve
rapidly at the amino acid sequence level [27,30,31]. This general
situation also applies to bumblebees, where AMPs are highly
conserved ([9,32]; Ben Sadd 2010, unpublished data). This
observation is puzzling, since the question arises as to how
such small and conservative molecules are able to remain effec-
tive over evolutionary time, despite the pressure by parasites
that is expected to drive a co-evolutionary arms race.

As several AMPs are expressed and induced by an infec-
tion, selection for efficiency of expression and for the
combination of particular AMPs, in contrast to selection on
the genomic sequence itself, may therefore be crucial for the
host to keep up in this race. Hence, the expressed mixture
of AMPs could be synergistically more effective than the
averaged efficacy of single peptides. Such synergistic effects
have been suspected for some time and are indeed known
for AMPs, often in combination with ‘non-natural’ partners,
such as administered antibiotics or other added molecules
[33—-42]. For the bumblebee AMPs, Hymenoptaecin has been
shown to make the membrane of E. coli permeable, such
that Abaecin can enter the cell, where it interacts with the
chaperone DnaK. Hence, there is a mechanistic basis for a
synergistic effect of these two AMPs; at the same time, no
efficacy against bacteria is found for Abaecin alone [43].
Because studies so far have tested effects almost exclusively
against bacteria, it is not known whether synergistic effects
might be restricted to these infections or are more general,
for example, also able to target protozoans.

Against this background, we studied the inhibitory effect of
the three AMPs, Abaecin, Defensin and Hymenoptaecin, upon
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Figure 1. Growth of C. bombi strains (str08068, . . ., str10631, see legend)
under standard conditions (see Material and methods), with no AMPs
present. The routine grofit() estimates three parameters by fitting a spline;
lag (A): the time lag to growth, growth rate (w): the maximum growth
rate, and maxA: the maximum level reached. Growth is measured photo-
metrically as OD that correlates with cell numbers in the suspension. The
curve follows a Weibull function and is for illustrative purposes only. Analyses
reported here are based on the estimated growth rate (w) for a particular
strain and condition.

eight different genotypes, which we «call ‘strains’, of
the trypanosomatid C. bombi. We did not test the fourth
AMP, Apidaecin, that is present in bumblebees for various
technical reasons. We chose to use in vitro assays, as one advan-
tage of this system is that C. bombi can be cloned and kept in
culture, i.e. as strains. This eliminates the confounding effects
of host background, which leads to substantial variation
for the outcome depending on which strain (genotype) of
C. bombi infects which host genetic background [44,45]. In
fact, the expression of these AMPs depends on the host genetic
background [16,46], the strain of the parasite [17] and the
interaction of the two [47].

2. Material and methods

(a) Bumblebees and parasites

Queens of the bumblebee, B. terrestris, were captured in spring
2008 and 2010 in Aesch and Neunform (Northern Switzerland)
and kept in the laboratory at 26°C under constant red light.
The faeces of naturally infected queens were collected and
single C. bombi cells were isolated by fluorescence-activated cell
sorting according to the protocol by Salathé & Schmid-Hempel
[48]. These single cells were expanded in culture and frozen as
clones that can be stored for many years without losing infectiv-
ity [48]. For the current study, these clones were re-cultured and
maintained to form experimental clonal cultures in liquid ‘Full
FP-FB medium’ at pH 5.8. Culture cells were kept in an incubator
at 27°C and 3% CO,. Eight genotypically different C. bombi
strains (clones) were used in this study. We selected strains
with similar growth characteristics to maximally expose the
effects of AMPs and their combinations. The strains’ correspond-
ing project tags were: 08068, 08161, 08075, 08261, 08076, 10208,
10361 and 08157. The cultures of parasite cells were always
checked under the microscope for mortality or contamination
prior to the assays. Contaminated cell cultures were excluded
from the study.
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Figure 2. Contour plots representing maximal growth rates () of two different C. bombi strains when treated with Defensin and Hymenoptaecin. These contours
reflect a least-square polynomial of 3rd order to fit the estimated maximal growth rate for each observed combination of AMPs (see Material and methods). Black
squares denote the best effect, that is, the combination of AMPs that yields the lowest maximum growth rate for the strain. Each landscape represents the mean of
three replicates for each strain (see also the electronic supplementary material, figures S3 and S4). The two strains shown here are (a) strain no. 08075 and (b) strain

no. 08157.

(b) Antimicrobial peptides

Both Abaecin and Hymenoptaecin were custom synthesized by
commercial services (EZBiolab, Carmel, IN, USA, and Activotec,
Cambridge, UK, respectively). Defensin was synthesized by
Jochen Wiesner at the Fraunhofer Institute (Giessen, Germany)
by recombinant production [49,50]. As the genomic sequence
of B. terrestris was not yet available at the time, mature peptide
sequences were based upon prior peptide information from a
closely related species, B. pascuorum [51], and EST information
derived from B. ferrestris [52]. Note that C. bombi also infects
B. pascuorum; furthermore, it is in the meantime known that
AMP genomic sequences are highly conserved across species [9].
Using these sequences (see the electronic supplementary material,
table S1 and figure S6), Hymenoptaecin and Abaecin were syn-
thesized to a purity of more than 96%. Defensin was synthesized
to a purity of more than 90%. Peptides were stored in lyophilized
form; for their use, the samples were suspended in sterile ddH,0
to the appropriate peptide concentration chosen for the study
(0, 0.625, 1.25, 2.5, 5, 10, 20 and 40 pM). The fourth bumblebee
peptide, Apidaecin, proved to be very difficult to synthetize, at
the time of study, owing to its chemical structure.

(c) Peptide assays
For the experimental assays, all eight C. bombi strains were tested
for the effect of the peptides Abaecin, Defensin and Hymenoptaecin
singly and in pairwise peptide combinations. The concentration
of C. bombi cells was adjusted in fresh medium to a concentration
of 80000 cells ml™" using a counting chamber (Cellometer Auto
M10, Nexcelon Bioscience). For the tests, 80 wl of the Crithidia-
inoculated medium was added to each well of a 96-well tissue
culture plate (Sarstedt). Then an AMP-treatment matrix, as a combi-
nation of two AMPs each, was created. For this, 10 pl of each
peptide with the corresponding final concentration (0, 0.625, 1.25,
2.5,5,10, 20 and 40 uM) was added to each well along the columns
and rows, respectively, of the plate (see the electronic supplemen-
tary material, figure S1). These concentrations are in the same
range as other AMP concentrations found effective against other
trypanosomes [53].

All pairwise concentrations of Abaecin, Defensin and
Hymenoptaecin were assayed resulting in a total of 64 distinct

concentration combinations for each two-peptide assay. Each of
these distinct concentration combinations was replicated three
times on different plates in order to balance plate effects. In
addition, the physical positions of the treatments within the
matrix were rotated across the plates for each replication to
randomize the influence of spatial variation of the wells. After
adding the Crithidia inoculum to each well, 10 ul of each peptide
concentration was added to the inoculum according to the con-
centration scheduled for each plate. Blank wells containing
Crithidia-free medium were also included in each plate to correct
the measurement values. Plates were then kept in an incubator at
27°C and 3% CO,. To monitor parasite cell growth, optical
density (OD) measurements were taken at 600 nm (absorbance
wavelength) every 24 h for five consecutive days using a Spectra-
Max M2e microplate reader. Several previous calibrations had
shown that OD is a good estimate for actual cell numbers in a
well [54,55]. Concentrations used in the analyses were based on
three experimental replicates for each strain.

(d) Data analysis

Statistical analyses were carried out with R v. 3.2.2 [56]. For each
peptide combination treatment, cell numbers were measured at
0, 24, 48, 72 and 96 h from the start of the experiment. From
this, the growth curve for each combination and replicate was
estimated with R package grofit [57] by fitting a spline [57], for
each replicate growth series, which yields three parameters—
the lag phase (1), maximum growth rate (o,s), and maximum
cell concentration (Amax) (figure 1). Here, we focus on this
observed growth rate (rops); the analysis of the other parameters
would have resulted in similar results and conclusions.

To calculate effects and expectations for synergy, we esti-
mated a dose-response curve for each of the two AMPs
(AMP,, AMP,) separately, that is, for cases where the concen-
tration (i.e. the dose) of the other AMP was zero. The Hill
equation was assumed, where the response (growth rate), r, for
dose A of a single peptide is given as

Emax ) Ah

50

Here, E(A) is the effect (in reducing growth rate) at dose A of the
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Table 1. Synopsis for the most effective pairwise combinations of AMPs (concentrations in micromolar), which maximally suppress the estimated growth rates  [JJi}
(in OD/h) of eight tested C. bombi strains. These combinations are derived from least-square fitting of observed values (cf. figure 3). The values for ‘all
(mixture)’ refer to the same calculations when all data are pooled regardless of strain; this reflects a mixture of strains by equal parts. The tested AMPs are:

Abaecin, Defensin and Hymenoptaecin (Hymenopt.).

best combination

growth rate growth rate
strain no. 0D per h Abaecin  Defensin 0D per h
08068 0.003 400 352 0.003
08075 0.004 296 0 0.003
08076 0005 264 104 0000
08157 0.003 0 336 0.004
08161 0002 312 400 0004
08261 0.003 216 288 0.002
10208 0006 0 1296 0004
10361 0.002 192 328 0.003
all (mixture) 0,004 296 1296 0188

peptide, r(0) the growth rate when no AMP is present; Ep,.x is the
maximum effect of the peptide, &, the Hill coefficient describing
the steepness of the curve, and As, the dose that yields half of
the maximum effect. The dose—response curves were estimated
with a Markov chain Monte Carlo (MCMC) algorithm
implemented with R package rjags [58]. Finally, we used equation
(2.1) to convert the dose—response curves, 1(A), into dose—effect
curves, such that E(A) = r(0) — r(A), the effect of a single peptide
at dose A.

With the effects, E(A;) and E(A;), of each single peptide in
isolation at hand, we calculated the expectations for an inter-
action (e.g. synergistic) effect by assuming that the growth rate,
(A1, Az), under a combination of doses A;, A, of the two
AMPs is reduced by an amount equivalent to the combined
effect of the peptides, E(A;, A;) [59]; hence:

V(A1, Az) = 7‘(0) — E(Al, Az). (Z.Zﬂ)

The term E(A;, Az), describing the effect of the interaction on
growth rate relative to the growth rate, r(0), when no AMPs are
present, is of obvious interest. The zero growth rate r(0) was esti-
mated from each of the experiments separately, i.e. matched to
the given pairwise combination of AMPs.

If E(A1, A) > 0, by definition, synergistic effects are present,
because the combined effect reduces the growth of the parasite.
Different concepts have been suggested to model this term [59].
Here, we followed two common reference models [60], i.e. Bliss
Independence [61] and Loewe Additivity [62]. Bliss Independence
is simple, and given as

E(A1, A2) = E(A1) + E(A2). (2.2b)

Loewe Additivity is mathematically more involved and
described in [59]; its implementation to the current data is
detailed in the electronic supplementary material. Finally, we
compared the expected growth rate, r(A;, A;), under the com-
bined effect of two AMPs with the observed growth rate, 74,
to derive conclusions about possible synergistic effects.

In addition, we fitted least-square surfaces to the observed
growth rates, rops, that were estimated for any combination of
AMPs, using the surf.ls and tsurf packages in R [63] to illustrate
the effects of AMPs as a landscape in a combinatorial space of
pairwise AMP concentrations.

best combination best combination

growth rate

Abaecin  Hymenopt. 0D per h Defensin  Hymenopt.
296 32 0002 304 232

304 304 0.003 2.0 64

312 96 0005 336 216

288 344 0.003 216 296
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Figure 3. A ‘margin’ (cf. figure 5) of the two-peptide combination assay.
Shown are the observed means (dots, s.d.) of the estimated growth rates
from spline when only one AMP (Hymenoptaecin) is varied across a range
of concentrations (0, 0.625, 1.25, 2.5, 5, 10, 20 and 40 M), and the
other one (Abaecin) is not used. The line is the fitted Hill equation as a stan-
dard model for the dose—response curve (see Material and methods). At
each concentration, three replicates were measured. The dose—response
curve was subsequently used to calculate the expectations for a combined
use of the two peptides.

3. Results
(a) Control growth

Each strain was grown independently in standard medium to
estimate its growth parameters under conditions without
the presence of AMPs (figure 1). These control values demon-
strate the basic growth patterns of the strains. With respect to
the estimated maximum growth rates from spline, the strains
showed some albeit non-significant variation (see the electro-
nic supplementary material, figure S2). The best effect on
various growth parameters when AMPs are used singly,
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Figure 4. Example of Loewe Additivity. (a) Three-dimensional view of the difference between observed and predicted growth rates when Loewe Additivity is assumed. Most
of the points are above the zero plane (of no difference), indicating that synergistic interaction of the two peptides Abaecin (AMP;) and Hymenaptaecin (AMP,) is the case.
The two front faces of the cube represent the two ‘margins’ (AMP;, AMP,) of the problem, i.e. cases where only one AMP is varied and the other peptide is not applied
(concentration = 0). Note that only ‘interior’ cases, i.e. where both of the two AMPs are used with concentrations > 0 are induded in the predictions to ensure inde-
pendence. (b) Histogram of differences of observed—predicted growth rates as plotted in (b). The difference is significantly different from zero (i.e. no additional effect of
peptide combination; t = 15.06, d.f. = 48, p << 0.0001). Because the mean difference is above zero, the two peptides act synergistically according to Loewe Additivity.

The graph is for all strains combined.

varies among the strains tested and among the growth
parameters measured.

(b) Effects of AMPs

To illustrate the effect of AMPs alone or in combination, we
fitted growth curves to every pairwise combination of AMPs
and each replicate, as described in Material and methods
(i.e. using splines in grofit). The resulting values were sub-
sequently fitted with a least-square surface fit that generated
contour plot landscapes (figure 2). These illustrate how various
peptide combination concentrations affect parasite growth rate
for a particular strain. Contour plot landscapes shown here
were calculated as 3rd polynomial fit, as the model fit did not
improve significance with the 4th and 5th polynomial order,
and the 1st and 2nd order polynomial fits produced trivial out-
comes. Figure 2 (see also the electronic supplementary material,
figures S3 and S4) shows that each strain has a different land-
scape pattern as well as a distinct combination of AMP
concentrations that produce the best effect (represented as the
square point in the graph in figure 2). Table 1 summarizes the
most effective pairwise combination of AMPs for each strain
and for the mixture of pooled strains. The best effect on various
growth parameters when AMPs are used singly varies among
the strains tested and according to the growth parameters
under scrutiny (electronic supplementary material, table S2).

(c) Test for synergy

Even though it is possible to identify the combination of AMP
concentrations that yields the best effect to reduce C. bombi
growth rates, it does not follow that the AMPs necessarily
act together synergistically (or antagonistically, for that
matter). We tested this additional requirement by comparing
the observed effects with the expected ones if the interaction
followed either of two models—Bliss Independence and
Loewe Additivity—as described in Material and methods,
and in the contribution by Baeder et al. [59].

For this purpose, we first calculated the dose-response
and dose—effect curves, respectively, if only one of the two
AMPs is used (figure 3; the two margins of a given combi-
nation assay). As described in Material and methods, the Hill
equation was fitted with MCMC in each of these cases. In
this way, we derived dose-response and dose—effect curves
for each margin of the two pairwise combined AMPs
(Abaecin x Defensin, Abaecin x Hymenoptaecin and Defensin x
Hymenoptaecin; figure 3; see also the electronic supplementary
material, figure S5). In a second step, the predicted growth rates
from the two margins of any pairwise assay were used to pre-
dict the growth rates if both AMPs are used (see Material and
methods). For these predictions, we only used the interior com-
binations, that is, cases where both AMPs were used in
concentrations greater than zero to ensure independence of
the data; hence, we neglected the margins in the subsequent
statistical analyses. Finally, we calculated the differences for
all interior values (i.e. observed growth rates) relative to the
predicted growth rates from either Bliss Independence or
Loewe Additivity (e.g. figure 4a). The distribution of differ-
ences for a given case was then tested against an expectation
of no difference, i.e. a distribution mean = 0 (figure 4b).

With few exceptions, all differences were significantly
different from zero, i.e. no interaction (table 2). This was
true when differences were calculated for every strain separ-
ately, as well as for the ‘mixture” of strains, i.e. the pooled
data for all strains. In particular, Bliss Independence, with
one exception (strain no. 08261 with the combination of
Abaecin x Hymenoptaecin) always suggested significant positive
deviations from expectation, that is, synergistic interactions.
With Loewe Additivity, the picture was less clear. In the
majority of cases, significant positive deviations were found
(i.e. synergy). However, only under Loewe Additivity, six
cases of significant negative deviations were found, indicating
antagonistic interactions, especially for the pair Defensin x
Hymenoptaecin. Together, the deviations from predicted were
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smaller for Loewe Additivity than for Bliss Independence; this
difference was significant, albeit marginally so for the pairs
Abaecin x Defensin and Abaecin x Hymenoptaecin. Most nota-
bly, all strains differed among each other in their
deviations from the predicted growth rates under both inter-
action models (electronic supplementary material, table S5).
Hence, the overall pattern seems to be synergism with some-
times reverse effects especially in the pair Defensin x
Hymenoptaecin, depending on the strain of C. bombi.

4. Discussion

AMPs are known to be effective against flagellated protozoan
parasites, such as against the trypanosomes. Examples include
Leishmania major, Trypanosoma cruzi and T. brucei [21,53,64].
Similarly, insects when becoming infected with trypanosomes
upregulate the expression of AMPs; examples include tsetse
flies [64,65] and bumblebees [16,46,66]. Where the effect of
AMPs has been tested, the effective concentration needed to
kill parasites is in the range used in our study (e.g. [53]).

The concept of synergistic interactions is not entirely new
and has been discussed especially in the context of vertebrate
innate immune defences [5,67]. For example, mammalian cat-
ionic AMPs act synergistically against bacteria including
antibiotic-resistant Staphylococcus aureus strains [68]. But syner-
gistic effects have been reported across a wide range of taxa,
including oysters [36], beetles [49], hemiptera [69], honeybees
[39], bumblebees [43], humans [70] and plants [71]. Often, in
these studies, the effect is tested against bacteria, and in some
cases, the synergy is observed with regard to effectors (e.g.
trypsin inhibitors [71]) other than AMPs.

Also for trypanosomes, synergistic effects are known, for
example, against the agent of Chagas disease, T. cruzi [69].
The parasite used here, C. bombi, is phylogenetically close to
Leishmania [72]. Therefore, two sources of insight of how the
AMPs used here may act against C. bombi are available. On
the one hand, Rahnamaeian et al. [43] showed that Hymenoptae-
cisn and Abaecin act together to permeabilize the cell membrane
and block the DNA replication machinery, respectively. For
Leishmania, the effect of AMPs seems rather complex and
includes membrane disruption, the induction of apoptosis,
effects on intracellular targets including mitochondrial func-
tions, as well as immuno-modulation in the host [20,53,73].
Hence, it is likely that bumblebee AMPs permeabilize the
membranes of trypanosomes such as Crithidia as well, and
interfere with intracellular processes, but their exact mode of
action must await further study.

With regard to our initial question of whether AMPs can
be used in combinations to kill C. bombi, we clearly find that
this is the case. Furthermore, in contrast to most earlier
studies, here we explicitly define models for synergistic inter-
actions, namely Bliss Independence and Loewe Additivity
against which the observed combinatorial effects can be
compared. With these tools, we find that the most effective
concentrations of AMPs are, firstly, within the experimental
range of concentrations chosen (0-40 uM; cf. figure 3) and,
secondly, that the most effective combination is typically
‘inside’ the tested frame as illustrated in figure 2 and listed
in table 1. In other words, the best effect of a combination
of two peptides is not necessarily achieved when the maxi-
mum concentration for each of the peptides is applied.
These findings are in line with the idea that AMPs are
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Figure 5. Boxplot of deviations from the predicted Bliss Independence across
the tested C. bombi strains. In his example, the graph refers to the pairwise
combinations of Abaecin and Defensin. Overall, the deviations from zero are
for all strains, indicating synergy, and the variation among strains is highly
significant, too (F7 979 = 2357.4, p << 0.0001).

functionally dependent on one another. The example is
Abaecin, which prepares the ground for Hymenoptaecin to enter
the parasite cell; whereas Abaecin on its own has little effect.

The idea that—in eukaryotes—selection on regulatory
sequences and elements, in addition or instead of change in
the structural gene sequences, is a main driver for the evolution
of form and structure has gained hold and support over the last
decades [74-79], even though conserved function despite
sequence differences may often be difficult to detect [80].
Clearly then, variation in the expression of genes coding for
immune effectors, such as AMPs, rather than sequence vari-
ation in the genes themselves is an alternative strategy to
control and eliminate highly variable parasites [16,47]. The
parasite studied here, C. bombi, is indeed highly variable such
that every host individual virtually carries its own infecting
parasite genotypes (strains) [44,45,81,82]. We have no insight,
as yet, whether such variable, fluctuating selection pressure
exerted by parasites could also be responsible for the relatively
rapid loss and gain of AMP gene families during evolution
[25,28]. Because such fluctuating selection unfolds over short
ecological time scales—typically much faster than the time
scales of gene duplications and losses—it is possible that
maintenance of polymorphism by, for example, allelic vari-
ation is more relevant and would manifest itself as patterns
of balancing selection [29].

Yet, the existence of hidden polymorphism in AMPs [29]
does not preclude the possibility that hosts respond to infection
by expressing appropriate cocktails of AMPs. In fact, bumblebee
hosts express a mixture of AMPs depending both on their gen-
etic background (i.e. the colony) and on the infecting strain [47].
Hence, a reasonable conjecture is that hosts tend to express the
most effective mixture of AMPs that fits the current infection.
We cannot test this conjecture here with the available data, not
least because expression levels are not always identical to the
level of circulating proteins (AMPs). However, the conjecture
would also predict that a given combination of AMPs affects
different parasite strains differently. This seems indeed to be
the case (cf. figure 2). Furthermore, we should expect that strains
vary in the deviation of observed effect versus the predicted
interaction effect according to Bliss Independence or Loewe
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Additivity. This we also found in our study (cf. figure 5) and
should reflect the fact that strains vary in their sensitivity
towards the interaction effect of a given combination of AMPs.

Data are summarized in the text and electronic

supplementary material.
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