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Protein-poor diet reduces host-specific
immune gene expression in Bombus
terrestris
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1School of Biological and Chemical Sciences, Queen Mary University of London, Mile End Road,
London E1 4NS, UK
2Experimental Ecology, Institute of Integrative Biology, ETH Zürich, Universitätsstrasse 16,
8092 Zürich, Switzerland

Parasites infect hosts non-randomly as genotypes of hosts vary in susceptibility

to the same genotypes of parasites, but this specificity may be modulated by

environmental factors such as nutrition. Nutrition plays an important role

for any physiological investment. As immune responses are costly, resource

limitation should negatively affect immunity through trade-offs with other

physiological requirements. Consequently, nutritional limitation should

diminish immune capacity in general, but does it also dampen differences

among hosts? We investigated the effect of short-term pollen deprivation

on the immune responses of our model host Bombus terrestris when infec-

ted with the highly prevalent natural parasite Crithidia bombi. Bumblebees

deprived of pollen, their protein source, show reduced immune responses to

infection. They failed to upregulate a number of genes, including antimicrobial

peptides, in response to infection. In particular, they also showed less specific

immune expression patterns across individuals and colonies. These findings

provide evidence for how immune responses on the individual-level vary

with important elements of the environment and illustrate how nutrition can

functionally alter not only general resistance, but also alter the pattern of

specific host–parasite interactions.
1. Introduction
Variation exists within populations of hosts and parasites that determine the

outcome of infection. Hosts can vary in their susceptibility and parasites can

vary in infectivity or virulence. Such differences can often be traced to different

host genotypes varying in their susceptibility to different genotypes of a para-

site. This genotype-by-genotype (G � G) interaction is important not only for

the ecological dynamics of host–parasite systems, but, for example, also for

the maintenance of genetic diversity within populations. However, these

host–parasite interactions are not only determined by the genotypes, but are

also subjected to environmental conditions, such as resource availability, that

can dramatically alter infection outcome (G � G � environment interactions) [1].

In fact, it is well known that nutrition and immunology are intricately linked

[2]. Not only can poor nutritional conditions lead to poor overall health, but var-

ious elements of host nutrition can also alter specific components of immunity [3].

At the same time, specific immune responses to parasites are thought to be evo-

lutionarily determined by a variety of costs and trade-offs [4–8], most of these

depending on resource availability and nutrition [2,9–11]. Specific nutritional

requirements of parasites, in particular, may generate variability in host–parasite

interactions in relation to food availability and food quality. These links between

parasitism, host nutrition and immune defences have been investigated in various

vertebrate hosts [12–14], as well as in some invertebrate hosts [3,15–18].

These studies collectively show that the details of these relationships are com-

plex. For instance, high protein diets allow caterpillars to mount strong lysozyme

responses, but at the cost of reduced phenoloxidase (PO) activity [3]. This distinct

immune shift could have broad consequences if lysozyme responses are a poor
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match to current parasitological conditions or if parasite

pressure suddenly changes. In other cases, trade-offs in the

functional allocation of specific proteins seem to occur. Apoli-

pophorin III, for instance, is not only a lipid transport protein,

but also plays a role in the recognition of parasites [19]. In crick-

ets, energetically expensive activities such as flight reduces the

amount of available apolipophorins in the haemolymph [20],

and experimentally reducing apolipophorin reduces immune

function. Similarly, if crickets were given a high fat diet they

had higher lipid concentrations in their haemolymph but

were more susceptible to parasites, then a result of intensive

lipid transport that binds apolipophorin and makes it unavail-

able for defence [21]. How investments into one of several

arms of the immune response affects the defence repertoire is

therefore not always clear. However, the example of apolipo-

phorin illustrates a possible mechanism to explain why

reduced caloric intake with infection, known as anorexia,

occurs so commonly across taxa. Many immunologically

important genes also play a role in metabolism and vice

versa (e.g. apolipophorin III [3] and vitellogenin [22,23]).

The buff-tailed bumblebee Bombus terrestris L. and its gut

parasite Crithidia bombi [24] are an established model system

for host–parasite interactions and coevolution [25]. B. terrestris
is a common pollinator in central Europe and lives in colonies

headed by single queens. The monogamous haplodiploid

mating system provides a very uniform genetic background

within colonies, with sister workers being closely related

(r ¼ 3/4); colonies, therefore, serve as our different genotypic

backgrounds in the tests. C. bombi is a trypanosome parasite

that lives in the bumblebee gut, and is spread among bees

via oral uptake of infective cells spread through faeces [26].

Infection with C. bombi is fairly benign in workers, affecting fit-

ness directly only under stressful conditions such as starvation

[27] but strongly reduces queen success after hibernation [28].

The success of an infection is dependent on both host genotypic

background and parasite genotype. In this system, such

genotype-by-genotype (G� G) interactions have been shown

for many elements, such as infection success and intensity

[25], or expression of antimicrobial peptide (AMP) genes [29,30].

The nature of G � G interactions is not static in this system.

Host genotypes vary in their immune response to this parasite

[29–31], and different parasite genotypes induce different

responses in the host [29,30,32]. Furthermore, resource limit-

ation dramatically shifts the pattern of specificity [33]. This

plasticity suggests that changes in gene expression may play

a role in dictating host–parasite specificity. Here, we explore

how nutrition alters both gene expression magnitude and

variance upon exposure to this highly prevalent parasite.

Adult bees consume nectar for energy and pollen for protein.

At the same time, when deprived of pollen, worker bees

support fewer C. bombi in their guts, and the temporal pattern of

parasitaemia is disrupted (Huck & Schmid-Hempel 1997,

unpublished data; [34]). Some aspects of disease resistance in

this system also appear to be energy-limited. If B. terrestris
workers are given an immune challenge, then they die sooner

than control bees under energy-limited conditions [35], whereas

giving workers an immune challenge results in a small, but sig-

nificant increase in energy consumption [36]. Similarly, workers

prevented from energetically expensive foraging have stronger

immune responses than those allowed to forage [37,38]. Differ-

ences in food quality also affect host survival and, moreover, the

phenotypic outcome of G � G interactions [33], although that

study did not analyse gene expression.
Generally, infection with C. bombi increases expression of

genes encoding AMPs and immune pathway signalling genes

shortly after infection [31,32,39], and the putative recognition

molecule haemomucin after infection establishment [40].

Wounding and bacterial infection of B. terrestris workers also

increases AMP expression and decreases expression of signal-

ling and other effector genes [41]. Furthermore, immune gene

regulation is affected by the social context in which a bee is

kept [42] (see [31] for a more thorough review of B. terrestris
immune expression studies). To assess how nutrition alters

immunological gene expression, we tested how short-term

protein limitation influences both standing and infection-

induced gene expression of B. terrestris. We targeted the

expression of 26 known important immune and metabolic

genes across various pathways against a battery of the four

most stable of the six included housekeeping genes. Taking a tar-

geted approach allows greater replication and reduced type I

error relative to whole transcriptome sequencing. By assessing

PO activity in the haemolymph of our samples at the same

time, we also performed a first attempt at linking immune

gene expression and immune phenotype in this system.
2. Results
(a) First-level effects on gene expression
Reducing short-term protein access exerted a predictably

strong influence on the overall gene expression patterns in

B. terrestris (table 1). On an individual gene level, the expres-

sion of the signalling molecules hopscotch (F1,129 ¼ 9.926, p ¼
0.002), the AMP defensin (F1,129 ¼ 10.00, p ¼ 0.002), the iron

transportation molecule transferrin (F1,129 ¼ 24.57, p , 0.001),

the enzyme punch (F1,129 ¼ 10.10, p ¼ 0.002) and the lipid

transporter apolipophorin III (F1,129 ¼ 7.268, p ¼ 0.008) dif-

fered according to treatment (figure 1b and the electronic

supplementary material, table S4). Aside from hopscotch,

which was upregulated, these were significantly down-

regulated under protein limitation. The full set of results can

be found in the electronic supplementary material. Results

from the individual colonies are shown in the electronic

supplementary material, figure S1.

Infection significantly affected the overall, multivariate gene

expression patterns (table 1) and almost exclusively caused upre-

gulation of genes (figure 1a). B. terrestris workers responded to

Crithidia exposure with significantly higher expression levels in

the receptor molecule BGRP2 (F1,129 ¼ 15.41, p , 0.001), the sig-

nalling molecules pelle (F1,129¼ 12.57, p , 0.001) and hopscotch

(F1,129 ¼ 7.674, p ¼ 0.006), the antimicrobial effectors hymeno-

ptaecin (F1,129¼ 10.89, p ¼ 0.001) and TEPA (F1,129¼ 8.499,

p ¼ 0.004) and the peroxidase jafrac (F1,129 ¼ 6.107, p ¼ 0.015;

figure 1a and the electronic supplementary material, table S4).

Parental collection site and colony affected gene expres-

sion patterns both here (table 1 the colony within site effect

and electronic supplementary material, figures S1 and S2) and

in previous studies [31]. Remarkably, effects of infection

and starvation also varied widely among colonies (electronic

supplementary material, figure S1).

(b) Interaction of factors
We found a strong interaction between protein limitation and

infection (table 1 and figure 2). The antimicrobial effectors

abaecin, hymenoptaecin and TEPA, and the signalling

http://rspb.royalsocietypublishing.org/


Table 1. MANOVA results: MANOVA was carried out on full dataset of dCt values after Yeo – Johnson transformation for each gene. Transformation values can be
found in electronic supplementary material, table S3. The full MANOVA results including univariate effects and the used R code can be found in electronic
supplementary material, table S4. As colonies are nested within sites, the site: colony interaction describes the colony effect. Effects significant at p � 0.05 are
highlighted in italics.

multivariate effects

factor d.f. Pillai’s trace F-value num d.f. den d.f. p-value

infection status 1 0.400 2.667 26 104 ,0.001

starvation status 1 0.662 7.820 26 104 ,0.001

collection site 1 0.905 37.96 26 104 ,0.001

infection � starvation 1 0.501 4.018 26 104 ,0.001

infection � site 1 0.269 1.472 26 104 0.088

starvation � site 1 0.319 1.875 26 104 0.014

site : colony 4 2.675 8.307 104 428 ,0.001

infection � starvation � site 1 0.226 1.166 26 104 0.287
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Figure 1. Gene expression changes upon infection (a) and protein limitation (b) across all colonies. The solid line marks no change between treatment groups (fold-
change ¼ 1.0). Error bars are standard error calculated by averaging dCt values within sample groups, transformed to fold-change errors with error propagation.
Dashed lines mark the values 2 and 0.5, corresponding to doubled and halved gene expression, respectively. Asterisks mark Bonferroni-corrected significance of
effects as detectable in univariate outputs of the MANOVA on the full dataset. *p , 0.05, **p , 0.01, ***p , 0.001.
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molecule relish were all upregulated upon infection in bees

supplied with pollen, but the same genes were not differen-

tially expressed in infected bees when they were deprived

of pollen. By contrast, the receptor molecules, haemomucin

and vitellogenin, a key protein in many processes including

metabolism, were both downregulated under starvation in

non-infected bees, but expression levels remained constant
under starvation when bees were infected with C. bombi
(figure 2 shows all significant starvation � infection treat-

ment interactions). There was also an interaction effect

between original collection site and starvation treatment

in the multivariate analysis but not in the expression of

any individual gene (electronic supplementary material,

table S4).

http://rspb.royalsocietypublishing.org/
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Variation in expression was strongly influenced by star-

vation (figure 3). Starvation treatment significantly decreased

variation in gene expression (permutation test for homogeneity

of multivariate dispersion of all genes within starved versus

non-starved samples: F1,51¼ 9.19, p ¼ 0.002, figure 3a,b),

whereas infection slightly but non-significantly increased vari-

ation in gene expression (F1,51¼ 1.47, p ¼ 0.24, figure 3c,d).

(c) Phenoloxidase activity
PO activity, a key measure of immunity in invertebrates, was

significantly negatively correlated with the expression of the

AMPs abaecin, apidaecin and the anti-bacterial transferrin

(figure 4). In our ANOVA analysis, ancestor collection site

and colony were the only factors with a significant effect on

PO activity. Yet, the strongest effect on PO activity resulted

from the interaction of site and starvation treatment

(starvation � site: F128 ¼ 15.30, p , 0.001, table 2 and the

electronic supplementary material, figure S3).
3. Discussion
Defence levels and the associated immune responses are

likely to be moderated by a variety of factors, including sex

[43], nutrition [2,3,44] and the presence of a microbiota
[45,46]. We found that poor nutrition condition—here, pollen

deprivation—influences the expressed immune response in

workers of B. terrestris to C. bombi at several levels. Pollen

deprivation strongly, and mostly negatively, influenced the

expression of immune and metabolic genes. Perhaps not sur-

prisingly, pollen-deprived bees fail to induce strong immune

expression relative to bees with pollen (figure 1). This suggests

that not only the macroscopically observable outcome of an

infection [33], but also the assumed underlying expression of

the immune-related genes are resource-limited. At the same

time, we also find that variation in expression levels is reduced

under starvation conditions but slightly increased during infec-

tion. Hence, limited access to resources such as pollen not only

distorts the genotypic interaction effects at the observed level

of infection outcome [33], but also shows corresponding

expression signatures at the level of the immune-related

genes. In particular, pollen limitation reduces the variability

of responses across hosts and this may be responsible for redu-

cing the strength of the host genotype effect in G � G

interactions such as in [30,33].

The homogenization of expression upon pollen limitation

raises an interesting, if speculative, idea. At the population

level, genetic diversity has a protective effect against infection

[47] and disease spread [48] as any given parasite will only be

able to infect a subset of the population. If stressful conditions,

http://rspb.royalsocietypublishing.org/
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Figure 3. Mean fold expression value+ standard error for each gene in starved (black ‘x’s) versus fed (blue circles) bees (a) and in infected (red triangles) versus
naive control (grey circles) bees (c). (b,d) Boxplots of the eigen distances from samples to the median centroid of that group’s PCA cloud based on the two most
explanatory axes. The variation in expression of immune genes is significantly lower in starved bees than in fed bees ( permutation test for homogeneity of multi-
variate dispersions on the group variances, F1,51 ¼ 9.19, p ¼ 0.002). The variation in expression of immune genes is lower in the control bees than in infected bees
( permutation test F1,51 ¼ 1.47, p ¼ 0.24).
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such as resource limitation, diminish the population-wide var-

iance of the immune expression phenotype, this may render a

population phenotypically depauperate and thus, functionally,

more (‘genetically’) uniform. We would expect the population

to become more prone to parasite invasion and spread. It is

indeed known that diminished host condition under stress

can support epidemic outbreaks, particularly by opportunistic

pathogens [49].
Parasite exposure increased expression of immune effector

and mediator genes (hymenoptaecin, TEP A and jafrac) and

of some receptor and signalling molecules (BGRP2, hopscotch

and pelle). These results suggest that the immune response

of B. terrestris to C. bombi involves the toll and JAK/STAT

immune pathways. Furthermore, genes that differed in

expression upon infection according to feeding regime can be

clustered according to function. Infected bees increased their

http://rspb.royalsocietypublishing.org/
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Table 2. ANOVA results from PO activity. The ANOVA was carried out after
Yeo – Johnson transformation of the dataset with l ¼ 0.477. Site effects
dominate the PO activity but are also modulated by starvation. The
interaction effect of starvation and ancestor collection site are visualized in
electronic supplementary material, figure S3. Effects significant at p � 0.05
are highlighted in italics.

factor d.f. F-value p-value

starvation 1 1.166 0.282

infection 1 1.089 0.299

site 1 7.168 0.008

starvation � infection 1 2.470 0.119

starvation � site 1 15.30 ,0.001

infection � site 1 0.085 0.772

site : colony 2 4.793 0.010

starvation � infection � site 1 0.078 0.780

residuals 128
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expression of genes encoding AMPs and the effector molecule

TEP A but only when (protein-rich) pollen was available, ten-

tatively indicating that the production of these effectors is

resource-limited. The signalling molecule relish is expressed

upon both infection and starvation, indicating an involvement

of the Imd pathway in both responses. And finally, haemomu-

cin and vitellogenin, both involved in a variety of metabolic

and immune system-related functions, are both downregulated

upon starvation but maintained when infected. Previous

studies also suggest an important role of nutrition (energy)

for the maintenance of an immune response in B. terrestris [35].

We could confirm that bees that originated from different

populations differed in their gene expression (electronic sup-

plementary material, figures S1 and S2). These populations

differ in parasite pressure, infection prevalence is significan-

tly higher in queens caught in Aesch than in Neunforn [31].

Note that we found population differences despite using
granddaughters of field-caught queens. In an earlier study,

daughters of the field-collected queens also differed in their

immune gene expression [31], which could be due to maternal

transfer of immunological memory [50]. However, the persist-

ence of this effect into the second laboratory generation—as

shown here—is more suggestive of a site-specific adaptation

of the bees’ gene expression patterns. This possible sign of

local adaptation is especially noteworthy as the European B. ter-
restris population is panmictic [51,52]. The direction of the site

effect differed among genes (electronic supplementary material,

figure S3), whereas in the previous study [31], bees from Neun-

forn showed higher immune gene expression levels than bees

from Aesch for all significantly differently expressed genes.

We also assessed the relationship between immunological

expression and a phenotypic measure of one major form of

insect immunity, the PO response. However, we did not detect

a correlation between prophenoloxidase (PPO) expression and

PO enzyme activity. This may be due to an inherent delay

between gene transcription of PPO and the eventual activation

of PO. However, the expression of the AMPs abaecin and api-

daecin and the iron-binding protein transferrin was negatively

correlated with PO expression suggesting a trade-off between

different parts of the insect immune system. Similarly, previous

phenotypic assays of immune responses found that bees mount-

ing a strong PO response had reduced anti-bacterial activity [53].

The strength of PO response has been linked to genetic diversity

of the population and reduced infection with C. bombi in island

populations of the bumblebee Bombus muscorum [47]. We did not

test the genetic diversity of our populations and any such differ-

ences may explain some of the differences we see between our

two populations. However, given that all mainland European

B. terrestris appear to be part of a single panmictic population

[51,52], and the lack of any geographical barriers to gene flow

between these populations, suggests that these two populations

should not differ greatly in diversity.

In summary, we find that the response to infection depends

strongly on the availability of pollen and we also identify

immunological traits that seem to be most resource-limited,

such as the expression of AMPs. Moreover, we find that differ-

ences in gene expression among host genotypic backgrounds
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are reduced under limited pollen supply. These results illus-

trate the importance of the ecological context in determining

host responses to parasitism and a population-wide pattern

of interaction with parasites.
alsocietypublishing.org
Proc.R.Soc.B

281:20140128
4. Material and methods
(a) Bee breeding and treatment
We collected B. terrestris queens in Northern Switzerland (Aesch

BL; (4782705200 N, 783403800 E) and Neunforn TG (4783504000 N,

884703200 E), these locations are approximately 90 km distant, as

the crow flies) in spring 2011 and then mated their drone and

gyne (daughter queen) offspring. Gynes and males for each

mating pair were taken from different colonies but from within

the same original collection sites. Each pairing and the resulting

colony had different parents to any other colony in the experiment.

We hibernated inseminated queens at 48C for 45–82 days before

they were allowed to establish colonies in the laboratory.

Six colonies were used for this experiment, three with ances-

tors from Aesch (colonies 2, 4 and 6) and three with ancestors

from Neunforn (colonies 1, 5 and 9). Queens of these two collec-

tion sites differ in infection prevalence with our model parasite

C. bombi [31].

Colonies were kept at 28+28C under standard constant red

light conditions. Pollen and 50% sugar water (Apiinvert) were pro-

vided to the colonies ad libitum. Four groups of six workers were

taken from every colony. Workers were between 1 and 6 days old

when they were placed into the feeding treatments. Until 24 h prior

to their placement, all bees were provided with sugar water and

pollen ad libitum. In the treatment phase, half of the worker

groups from each colony were randomly selected and given

access to pollen, whereas the other half had no access to pollen.

Within each of these feeding regimes, half of the groups were

exposed to the parasite C. bombi and half were given a sham inocu-

lum. For infection, bees were fed 10 000 C. bombi cells, with the

same dose for each of the four clonal strains (2500 cells), delivered

in 10 ml of 50% sugar water. Bees were denied both sugar water

and pollen for 2 h before being presented with the inoculum or a

sham inoculum of clean sugar water. All bees imbibed this meal.

We used clonal C. bombi strains that were isolated from spring

queens in 2008 (two strains from Neunforn, one from Aesch) and

2009 (one strain from Aesch). Each C. bombi strain originated

from a single infective cell and was cultured at 278C and 3% CO2

in liquid medium [54].

Eighteen hours after the infection or control treatment, bees

were anaesthetized on ice, and 5 ml of haemolymph was extracted

from each bee and stored in sodium cacodylate/CaCl2 buffer for

PO activity measurements [55]. Afterwards, the abdomens of

bees were snap-frozen in liquid nitrogen. We used the 18 h post-

infection time point based on the patterns of gene expression

reported in earlier studies [31,32,39] and phenotypic immune

assays [56]. Two bees died before sampling, one each from the

infected but non-starved groups from colonies nos. 4 and 5, leaving

a total of 142 samples.

(b) Genetic analyses
We homogenized the bee abdomens with 0.5 g zirconium beads

once at 22 to 248C using an Omni bead Ruptor 24 homogenizer

(Omni International) and then again in lysis buffer (RLT plus

from the RNeasy plus mini kit) at room temperature. Next, we

extracted RNA from these samples, using the RNeasy plus

mini kit (Qiagen) in 12 randomized extraction groups of 11–12

samples each, according to the manufacturer’s recommended

protocol. To assess RNA quantity and purity, all samples were

checked using a NanoDrop 8000 (ThermoScientific). Samples

with low 260/280 or 260/230 nm ratios were purified on
RNeasy columns again to eliminate contamination. We then

reverse-transcribed 0.7 mg of RNA from each sample with the

Quantitect reverse transcription kit (Qiagen). We included

control reactions without the reverse transcriptase (noRT con-

trols) for each sample and checked these technical controls by

qPCRs on an ABI 7500 fast real-time PCR system with at least

two of the reference genes to ensure absence of genomic DNA.

All noRT control samples amplified at least 10 Ct cycles later

than the reverse-transcribed samples. This can be interpreted as

any genomic contamination being below 0.1% of the signal

detected in our actual samples. All 142 samples passed these

quality tests.

Expression was measured on two Fluidigm 96.96 dynamic

array IFCs on the BioMark system using EvaGreen DNA binding

dye (Biotium) according to the advanced development protocol

14 (PN 100–1208 B). Treatment groups were distributed across

the two chips in the same way, and several calibration samples

were included on both chips to ensure comparability of data

across chips. Our tested gene set included putative immune genes

(PGRP-S3, PGRP-LC, BGRP1, BGRP2, haemomucin, pelle, relish,

basket, hopscotch, abaecin, apidaecin, defensin, hymenoptaecin,

TEPA, lysozyme3, transferrin, ferritin, jafrac, peroxiredoxin5,

serpin27a, prophenoloxidase (PPO), catsup, punch), some metab-

olism related genes (vitellogenin, apolipophorin III, cytochrome

P450) and a suite of six reference genes (AK, PLA2, ACTB,

RPL13, ef1a, ITPR). The immune gene set was selected to span

the receptor, signalling and effector levels of all four insect innate

immune pathways (toll, IMD, JAK/STAT, JNK) and other

immune functions such as melanization reactions and reactive

oxygen species regulation. We preferentially included genes

where interesting transcriptional responses upon infection have

already been found [29,31,39–41,57–59]. The reference gene

choice was based on previous studies [60] and our own expression

stability tests [31]. Putative gene functions, primer sequences

and NCBI accession numbers are summarized in the electronic

supplementary material, table S1.

We used published primers for haemomucin and relish [40],

vitellogenin [61], ACTB and RPL13 [60] and for ITPR [41]. All

other primers were designed in Primer3 [62] or Quantprime

[63], based on the GenBank sequences (electronic supplementary

material, table S1). We used the following primer design settings

in both programs: primers 20+2 bp long, melting temperature

of 60+18C with a maximum of 0.58C difference in annealing

temperature between forward and reverse primers. We tested

all primers for reliability and amplification efficiency (1.9–2.1)

in qPCRs with several samples and an annealing temperature

of 608C. All primers used in this study met these quality criteria.

The three technical triplicates for each sample/gene combi-

nation were measured on the same Fluidigm 96.96 chip and

averaged for the raw expression value (Ct). The geometrical

mean of Ct values from AK, PLA2, ITPR and ef1a was then

used for normalization of target gene expression data [69], yield-

ing the dCt values. (Details of reference gene analysis and data

normalization in the electronic supplementary material, table S2.)

(c) Phenoloxidase activity assays
PO activity was measured using a spectrophotometric assay as

described in [55]. This enzyme is involved in melanization reac-

tions of invertebrates upon pathogen exposure [70] and depends

on the activation of its inactive form proPO by a series of reac-

tions mediated by several serine proteases which themselves

are activated by bacterial antigens [64]. We used a Spectra-

MAX-340PC (Molecular Devices) with SOFTMAX PRO 3.1

software for the spectrophotometric measurements of L-DOPA

conversion to L-dopaquinone to assess PO activity in the bumble-

bee haemolymph samples. The reaction curve slope in the linear

phase of reaction (Vmax value) was taken as the enzyme activity

value for further analyses.
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(d) Statistical analyses
We used R v. 2.13.1 [65] for the statistical analysis of exponentially

transformed dCt values as recommended by Yuan et al. [66].

We used MANOVA to analyse gene expression, because the

expression of any gene is not independent of other genes, and

because MANOVA accounts for multiple testing it is thus robust

to type I error. In order to improve normality and homosce-

dasticity of data distribution within groups, we Yeo–Johnson

transformed the data for each gene (l-values in the electronic sup-

plementary material, table S3). For most of the genes, we also

excluded one sample of the non-infected, non-starved group of

colony no. 6 as it disrupted normal distributions severely both

before and after Yeo–Johnson transformation. These transformed

dCt values were then used as response variables in a MANOVA,

taking infection status, starvation status and parental collection

site as fixed factors and colony identity as a nested factor within

site (table 1 and the electronic supplementary material, S4). To

accommodate the nested factor ‘colony’, a type I sums of squares

MANOVA was conducted. We included colony as a fixed effect,

nested within collection site, because random effects are not per-

mitted in MANOVA in R, and because including it as an explicit

fixed effect indicates the strength of host genotype effects.

Host genotype strongly influences infection outcome and gene

expression in this system. As the dataset was almost balanced,

the order of factors in the model did not influence the outcome

of the analyses, neither for multivariate nor for univariate

models. The full MANOVA output can be found in the electronic

supplementary material, table S4.

To visualize treatment effects, we display fold-change values

of gene expression upon treatment calculated as 22ddCt [67]. The
ddCt represents the difference between the gene of interest, and

the composite housekeeping value and how the expression of the

gene of interest varies according to experimental condition. For

visualization of significant interaction effects between starvation

and infection treatments, we show means and standard errors of

fold expression values (22dCt) within treatment groups. These are

not to be confused with fold-change values that can be inter-

preted directly; for fold expression values, the scale is arbitrary

and has no inherent biological meaning as it is based only on

the expression of the target gene relative to reference genes.

We analysed variation in gene expression across treatment

groups by testing for differences in variance of fold expres-

sion values (22dCt) with permutation test for homogeneity of

multivariate dispersion (vegan package [68]).

PO activity was analysed with an ANOVA after Yeo–

Johnson transformation. We also assessed the relationship

between PO activity and the expression of individual genes by

calculating correlation values and the respective 95% confidence

intervals in the base R package.
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