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Bumblebee olfactory learning 
affected by task allocation but not 
by a trypanosome parasite
Callum D. Martin1, Michelle T. Fountain2 & Mark J. F. Brown1

Parasites can induce behavioural changes in their host organisms. Several parasite species are known 
to infect bumblebees, an important group of pollinators. Task allocation within bumblebee colonies can 
also cause differences in behaviour. Thus, task allocation may lead to context-dependent impacts of 
parasites on host behaviour. This study uses Bombus terrestris and its gut trypanosome Crithidia bombi, 
to investigate the effects of parasitism, task allocation (foraging or nest-work) and their interactions, on 
olfactory learning. Prior to undergoing the olfactory learning task, bees were orally infected with a field-
realistic dose of C. bombi, and observed to determine task allocation. Parasitism did not significantly 
affect olfactory learning, but task allocation did, with foragers being significantly more likely to learn 
than nest bees. There was no significant interaction between parasitism and task. These results suggest 
that C. bombi is unlikely to affect pollination services via changes in olfactory learning of its host if bees 
are under no environmental or nutritional stress. However, wild and commercial colonies are likely to 
face such stressors. Future studies in the field are needed to extrapolate our results to real world effects.

Parasites are highly prevalent in ecosystems with approximately 50% of all animal species thought to be para-
sitic1,2. One way that parasites can impact hosts is through behavioural alteration3–5. Such parasite-induced behav-
ioural changes may be manipulative and enhance the fitness or transmission of the parasite, but they can also be 
non-manipulative, benefitting host rather than parasite fitness5. Understanding such manipulations is increas-
ingly important, as parasites have also been implicated in population declines of numerous taxa6–9. Bumblebees 
are one such group; they host a wide variety of parasite species, and parasitic infections are thought to be one of 
the key drivers of their declines in Europe and The Americas6,10–14.

A common parasite in many bumblebee species is the gut trypanosome Crithidia bombi (Lipa and Triggiani, 
1980). This parasite is often found at prevalences of 10–30% in bumblebee populations, and has been recorded at 
prevalences as high as 80% at specific sites15–19. C. bombi has also been introduced to South America via its host 
Bombus terrestris. Here, the parasite has spread rapidly, and is one of several potential causes for the decline of the 
native Bombus dahlbomii6. C. bombi has been shown to effect host behaviour in several ways19–22. Experiments 
using artificial flowers have found motor-learning rate, learning based on colour cues, and foraging rate to be 
reduced in infected bumblebees20–22. In addition, previous work observed a correlation between parasitism and a 
lower likelihood of pollen collection in the field19.

While the mechanism behind these changes is unknown, one potential explanation is that parasites activate 
the immune system of their hosts, which can subsequently interact with the nervous system23–25. C. bombi is 
known to activate the bumblebee immune system26–29, and both bumblebees and honeybees have been shown 
to display impaired olfactory learning when their immune systems are artificially activated24,25. Thus, C. bombi 
infection may alter host behavior via activation of the immune system.

Context is key for understanding parasite impacts on host behaviour, and as C. bombi displays 
context-dependent virulence, with virulence increasing during periods of food stress or during energetically 
demanding stages of the host’s life cycle30,31, behavioural impacts may also be modified by host context. Task 
allocation within bumblebee colonies provides differing contexts, with individual workers more regularly per-
forming either energetically demanding foraging tasks outside the nest, or less energetically demanding tasks 
based inside the nest (e.g. brood care)32–34. Furthermore, foraging activity has been shown to reduce immuno-
competence in bumblebees35. The differing energy demands associated with performing these tasks, and their 
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trade-offs with immunocompetence, could be sufficient for context-dependent behavioural impacts to be induced 
by the parasite.

This study investigated the effect of C. bombi infection, task allocation, and their interactions on the olfactory 
learning of the common European bumblebee species Bombus terrestris L. (1758). We hypothesised that C. bombi 
would alter olfactory learning ability, potentially via interactions between the immune and nervous systems. 
We further predicted that this alteration would be dependent on task allocation within the bumblebee colony. 
Olfactory learning was assessed using the proboscis extension reflex (PER) experimental paradigm, a classical 
conditioning procedure36. During PER experimentation, bees undergo a series of trials where they can learn to 
associate an odour (conditioned stimulus) with a sugar solution reward (unconditioned stimulus)36. During each 
trial whether or not a bee displayed a conditioned response was recorded.

Results
150 bees from 4 colonies were deemed motivated enough to undergo PER trials, with 80 of these being from the 
control treatment and 70 from the parasite treatment. 39 of the 150 were judged to be unmotivated (26 control 
bees and 13 parasite bees) during the trials after showing 3 consecutive non-responses to the sucrose solution. 
These bees were not included in further analyses. Of the 111 motivated bees, 57 were from the parasite treatment 
group and 54 from the control group. 55 of the 111 (49.5%) bees showed at least one conditioned response. No 
bees responded to the control trials.

While a greater percentage of parasitized bees (54.4%) showed a conditioned response than control bees 
(44.4%) (Fig. 1), treatment was not a significant covariate in the Cox regression analysis (Cox proportional haz-
ards model: Hazard ratio (HR) = 1.13, P = 0.79). Similarly, although parasitised bees displayed, on average, a 
greater number of conditioned responses during the full duration of the trials, this was not significant (GLMM: 
z = 0.69, P = 0.49).

Infection intensity was also not a significant explanatory variable for either the likelihood of a bee showing one 
or more conditioned responses (Cox proportional hazards model: HR = 1.10, P = 0.25), or for the total number of 
conditioned responses a bee displayed (GLMM: z = 1.88, P = 0.06).

Of the 111 motivated bees, 31 were categorised as foragers, while the remaining 80 bees were categorised as 
nest bees. 64.5% of forager bees showed at least one conditioned response, whereas only 43.8% of the nest bees 
did (Fig. 2), and the task of the bee (forager or nest) was a significant predictor of learning in the Cox regression 
model (Cox proportional hazards model: HR = 2.50, P = 0.029).

Forager bees also displayed, on average, a greater number of conditioned responses than nest bees throughout 
the PER trials, but this was not a significant difference (GLMM: z = 1.55, P = 0.12).

The difference in the likelihood of a bee showing one or more conditioned responses was greater between the 
foragers and nest bees in the control group than in the parasitised group (Fig. 3). In the control group 73.3% (11 
out of 15) of the foragers showed at least one conditioned response, compared to 33.3% (13 out of 39) of the nest 
bees. In the parasitised group 56.3% (9 out of 16) of foragers and 53.7% (22 out of 41) of nest bees showed one or 
more conditioned responses. However, the hypothesised interaction between the treatment and the task that the 
bee performs (foraging or nest tasks) was not a significant explanatory variable in the Cox model output (Cox 
proportional hazards model: HR = 0.43, P = 0.14).

The interaction term between treatment and task was also not a significant explanatory variable (GLMM: 
z = −0.98, P = 0.33) of the total number of conditioned responses that bees displayed. Here, the control and para-
sitised bees showed a very similar relationship for foragers and nest bees.

Figure 1.  Cumulative proportion of parasitised and control bees to have shown at least one conditioned 
response throughout the duration of the trials. Grey shaded area around lines represents ± the standard error of 
the mean.
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Discussion
In our experiment, infection with the parasite C. bombi had no significant effect on the olfactory learning abil-
ity of B. terrestris. However, the task the individual was allocated within the colony did affect the likelihood 
of the bee showing at least one conditioned response, with forager bees more likely to learn than nest bees. 
Interactions between task allocation and treatment were non-significant, contrasting with our initial hypothesis 
that task-dependent parasite-induced learning alterations could occur in this system.

It is surprising that we do not observe a significant effect in the parasite treatment group given that C. bombi 
is known to activate the immune system of B. terrestris26, and that activated bumblebee and honeybee immune 
systems can interact with the nervous system to cause impairments in cognitive function24,25. However, in bum-
blebees, reduced learning ability as measured by PER methodologies was only observed in bees that were starved 
of pollen25, and pollen is crucial for proper functioning of the immune system37. During our experiment, bees 
had an ad libitum supply of pollen directly into the nest, so they were not in a state of nutritional stress. This could 
explain why parasitic infection had no effect on olfactory learning in this experiment, since bees may have had 
sufficient nutrition to support both functioning immune systems and other physiological functions. However, it 
should be noted that C. bombi has been shown to impair learning ability in non-nutritionally stressed bees20–22, 
although these studies did not use PER methodologies. Further work with nutritionally stressed bees is needed 
to clarify this relationship.

We found the infection intensity of C. bombi to have no significant effect on learning ability. This is contrary 
to other experiments that have found increasing C. bombi infection intensity to negatively impact learning abil-
ity20,21. These experiments did, however, use different experimental set-ups to test learning (i.e. not PER) and 

Figure 2.  Cumulative proportion of forager and nest bees to have shown at least one conditioned response 
throughout the duration of the trials. Grey shaded area around lines represents ± the standard error of the 
mean.

Figure 3.  Visualisation of the non-significant interaction (see results for statistics) between treatment and task, 
with proportion of bees that showed one or more conditioned responses as the response variable. Error bars 
represent ± standard error of the mean.
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were performed on a different bumblebee species (Bombus impatiens), which could have contributed to the dif-
fering results. Furthermore, the number of cells in the C. bombi inoculum and the infection intensities observed 
in Gegear et al.21, one of the previously cited experiments, were much higher than in our experiment. This may 
further explain why, in contrast to the Gegear et al.21 study, no effect of infection intensity was observed in our 
experiment.

In this study foragers were more likely to show one or more conditioned responses than nest bees. Foraging 
is a complex task, requiring the individual to differentiate between the quality and quantity of a wide variety of 
potential forage resources. Given this, one might expect foragers to have increased cognitive function, and indeed 
in both ants and honeybees, individuals that forage have been shown to perform better at learning tasks than 
individuals based in the nest38,39. Similar patterns have been observed in B. terrestris colonies when the queen 
is present, however, in contrast to our experiment, these patterns were no longer observed upon removal of the 
queen40. In the bumblebee Bombus occidentalis, bees with more foraging experience were found to be better 
learners, and the foraging activity caused an increase in the size of the mushroom bodies, an area of the brain 
associated with learning and memory41,42. It is also possible that differential gene expression between task allo-
cated bees could enhance the learning ability of foragers43. The results presented here on B. terrestris add further 
evidence to this pattern, strongly suggesting that task allocation can alter learning ability in social insects, and at 
least across bumblebee species.

The superior learning ability of foragers could alternatively be explained by the size of the individual. 
Bumblebees that more regularly perform foraging tasks are generally larger than their nest based counterparts44, 
and larger body size has been associated with increased learning ability41,45. However, in our experiment forag-
ers did not have a larger body size, and body size was not a significant predictor of learning ability in any of the 
models.

Interaction terms between treatment and task were not significant predictors of either of the response variables 
analysed, suggesting that task-dependent parasite-induced learning alterations do not occur in this host-parasite 
system, or that we lacked sufficient power to detect such an effect. However, this result should be interpreted with 
caution as in our experimental set up bees could only forage in the flight arena (100 × 75 × 50 cm), whereas in 
the wild foragers may travel hundreds or even thousands of metres in a single foraging bout46–49. This means that 
the energy demands of foraging in this experiment are greatly reduced compared to those of wild foragers, which 
subsequently could decrease the likelihood of observing any context dependent effects, as any trade-off between 
energy consumption for flight and for immune system upregulation is much less severe.

Further differences exist between the foraging arena and the wild environment in the prior conditioning that 
bees experience. In the foraging arena, it is necessary to ensure that bees have not associated any odour with a 
reward prior to the PER protocol, but in the wild, foragers will have made associations between particular flower 
odours and the rewards that they can provide. Foraging from nectar feeders in the arena does, however, still 
require that bees use visual cues and learning in order to locate food, which does replicate the behaviour of wild 
foragers, albeit at a lower level of complexity.

It is possible that our observation and definition of forager and nest bees, led to our results being conservative, 
and the difference in learning ability between foragers and nest bees could in fact be greater. Our observation 
protocol allowed us to be sure that the animals we labelled foragers had indeed foraged, but it is possible that a 
proportion of the bees that were judged to be nest bees left the nest and foraged at a time when there was no ongo-
ing observation of the flight arenas. If this did occur, these individuals would have been included in the nest bee 
category, but they may have displayed the enhanced learning ability of a forager, which could dampen the effect 
of task allocation on learning that is being observed.

The results presented here provide evidence that C. bombi has no meaningful effect on B. terrestris olfactory 
learning, and that the task that the bee performs is a more important factor in predicting learning ability. It can 
be concluded that C. bombi is unlikely to affect pollination services via changes in olfactory learning of its host, 
at least in an environment where food is abundant, but it could still impair pollination services through previ-
ously described impacts on mortality and motor learning20,22,30,31. This experiment does not support the existence 
of task-dependent parasite-induced learning alterations, however their presence cannot be ruled out given the 
restricted foraging environment that bees were constrained to. Future research should focus on investigating 
cognitive function of parasitised bees in stressful conditions, or in a more field realistic situation where foraging 
is more energetically demanding and where food supply is not ad libitum.

Methodology
Queen collection.  Wild B. terrestris queens were collected from Windsor Great Park, Surrey, UK (Latitude: 
51.417677, longitude: −0.604263). Queens were collected between the 11th March and 7th April 2015. Collected 
bees had their faeces screened under a microscope at x400 magnification for the presence of C. bombi. Those indi-
viduals that did harbour the parasite (n = 32) were placed into individual plastic nest boxes (W = 6.7, L = 12.7, 
D = 5 cm) and provisioned with ad libitum pollen and nectar. When the first workers began to emerge, the col-
onies were transferred to larger plastic nest boxes (W = 22.5, L = 29, D = 13 cm) where they were kept for the 
remainder of the experiment. These colonies did not forage outside of their colony box at any point during their 
life cycle, and they were not subjected to a regular light cycle. These colonies were then used as a source of para-
sitic cells for the inoculation of commercial colonies during experiments. The infectiveness of a parasite to its host 
can vary between different host populations50,51. Thus, having several infected wild bees meant that there was a 
variety of different parasite strains, which increased the likelihood that strains were present that could success-
fully infect commercial colonies. Furthermore, we used multiple strains to maximise the chances of observing 
broad impacts of the parasite in bumblebees, rather than strain specific effects.
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Commercial colonies.  Four commercial colonies were imported from Biobest (between November 2015 
and January 2016) to be used for experimentation. Upon arrival 15 workers were removed from each colony and 
their faeces screened for the presence of parasites52. All four colonies were uninfected and thus kept for the exper-
iment. The queen was removed from each commercial colony, then each colony was split into four sub-colonies. 
Two of these sub-colonies consisted of 40 workers and half of the original brood each, these were the ‘experimen-
tal’ colonies and they were assigned a treatment (control or parasite) and placed into wooden nest boxes (W = 14, 
L = 24, D = 10 cm). The remaining two sub-colonies were the ‘stock’ colonies. These were made up by splitting 
the bees remaining from the original commercial colonies after the set-up of the ‘experimental’ colonies. One of 
these sub-colonies was inoculated with C. bombi collected from faeces of bees from all of the wild colonies. The 
other colony was left uninfected as control stock. These stock colonies were used for any subsequent inoculations 
of their corresponding experimental colony (see Fig. 4 for overview of colony splitting process). This process 
allowed for filtration of all the C. bombi strains, so that only those strains infective to a particular commercial 
colony were used for subsequent infections.

In total, we had 8 experimental sub-colonies, 4 with the parasite treatment and 4 with control treatment, and 
we also had 8 stock sub-colonies, each one corresponding to an experimental sub-colony. This split colony design 
helped account for the large intercolony variation in learning ability that exists53.

The wooden nest boxes containing the experimental sub-colonies were then connected to flight arenas 
(W = 75, L = 100, D = 50 cm) via a gated tunnel. Gravity feeders filled with 40% sugar solution were placed within 
the arenas to allow the bees to forage, and ad libitum pollen was provided to each colony directly into the nest box. 
The stock colonies were placed into plastic nest boxes and stored in a dark room with ad libitum pollen and nectar.

Crithidia bombi purification and inoculation.  Inocula were made by taking a minimum of 10 bees 
from the parasite or control stock colonies. The faeces of these bees were collected and then purified following 
the method used by Baron et al.54 modified from Cole55. The faeces were diluted with 0.9% Ringer’s solution to 
make 1 ml of total solution (dilution 1). The solution was centrifuged at 0.8 G for two minutes, the supernatant 
was then removed and placed into another centrifuge tube (dilution 2), whilst the remaining pellet was diluted 
and re-suspended with another 1 ml of Ringer’s solution. This process was repeated until 8 dilutions had been 
prepared. Dilutions 4, 5, and 6 were taken and centrifuged at 8 G for 1 minute, the supernatant removed, and the 
pellets mixed with 100 µl of Ringer’s solution. A small amount of the resulting solution was placed in a Neubauer 
chamber, allowing for the C. bombi cells to be counted and the concentration of the parasite in the solution to be 
calculated. The amount of solution that contained 10,000 parasite cells was calculated and this dose was diluted 
with 40% sugar solution to make a 20 µl solution which was fed to individual bees. The same protocol was fol-
lowed to make a control inoculum using the faeces of bees from the control stock colonies. Any bee that did not 
consume the inoculum was not used for further experimentation.

Callow marking.  Experimental sub-colonies that had been connected to flight arenas were observed every 
day for the emergence of callow workers. Workers were individually marked with uniquely numbered Opalith 
tags on the day they emerged, so the age of each marked bee was known. Marked bees were inoculated between 
the ages of 3 to 5 days using the method previously described. Bees were then left to harbour the parasite for a 
further 7 to 10 days post-inoculation. This time period was chosen as it has previously been shown that the par-
asite load 7 to 10 days post-inoculation is relatively high and remains stable56. During the bee marking process, 
the flight arenas were observed in both the morning and afternoon. Bees could forage in flight arenas at all times, 
and any marked bee that was observed foraging on a nectar feeder was judged to be a forager, whilst bees never 
observed to forage were judged to be nest bees.

Figure 4.  Overview of the creation of ‘experimental’ and ‘stock’ colonies from a single commercial colony. The 
same process was repeated for 4 commercial colonies.
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Olfactory learning.  Olfactory learning was assessed using the proboscis extension reflex (PER) experimen-
tal paradigm, where bees learn to associate an odour (conditioned stimulus) with a sugar solution reward (uncon-
ditioned stimulus)36. This method has been used for over 50 years to test learning and memory in honeybees (Apis 
mellifera) with great success57, and has more recently been used successfully on bumblebees41,58.

Between 13:00 and 15:00 on the afternoon before the PER experiment, marked workers 6–9 days 
post-inoculation (7–10 days on the following day of experimentation) were taken from the nest box and flight 
arena, placed on ice for approximately 5 minutes until quiescent, and then harnessed. The harness prevented the 
bee from flying and crawling, but allowed the bee to move its head (see supplementary material Figure S1 for 
photo of harnessed bee). All workers were fed to satiety with 40% sugar solution 2 hours after harnessing, and 
were left upright in a container overnight.

The following morning between 08:00–09:00, bee responsiveness was tested by touching their antennae with a 
droplet of nectar solution. Those bees responding with a proboscis extension were deemed to be sufficiently moti-
vated to be used for behavioural assays, and were fed a small droplet of nectar solution to maintain motivation 
15 minutes before the experiment.

The PER experiment itself was carried out between 09:00–12:30. During the experiment each harnessed bee 
was individually placed in an odour extraction hood. Air flow into the hood was controlled by a programmable 
logic controller computer. The air flow was directed onto the bee via an odour tube placed 3 cm away from the bee. 
A piece of filter paper soaked in 4 µl of lemon scented oil was placed inside the odour tube, and this filter paper 
was replaced every 20 trials to keep the intensity of the odour constant. The bees were exposed to 15 seconds of 
air flow in total, the first 5 seconds being clean air and the final 10 seconds being the odour. The reward was pre-
sented to the bee 6 seconds into the odour stimulus by touching its antenna with a 0.8 µl droplet of 40% nectar 
solution using a Gilmont syringe. If presentation of the reward elicited a proboscis extension response then the 
bee was fed the nectar droplet, but if the bee did not respond to the reward then it did not receive any nectar. A 
conditioned response occurred when the bee extended its proboscis on exposure to the odour stimulus without 
needing presentation of the nectar solution on its antennae. In this case, the bee was fed the nectar droplet. Each 
bee underwent 15 odour exposures with a 12-minute interval between each exposure.

Three control trials were interspersed randomly within the final 10 odour exposures. During a control trial an 
unscented airflow was directed onto the bee for the duration of the trial, and no reward presentation occurred. 
These control trials were performed to check that bees were not becoming conditioned to the airflow rather than 
the scent. Any individual that appeared to be conditioned to the airflow, i.e., showed a conditioned response 
during a control trial, was removed from the analysis. Bees were also deemed unmotivated and excluded from the 
analysis if they did not respond to the nectar stimulus for 3 consecutive trials.

After completing the PER trials, bees were placed into a freezer at −20 °C. The thorax width of each bee was 
recorded as a measure of bee body size, which in some cases has been shown to effect learning ability45,59.

Parasite infection intensity.  The parasite intensity was quantified for all bees from the parasite treatment 
following a similar methodology to Baer and Schmid-Hempel60. This was done by combining the hind-gut of a 
bee with 100 µl of 0.9% ringers solution. The mixture was then ground-up in a 500 µl reaction tube and mixed in 
a vortex mixer for 5 seconds. A C. bombi cell count was performed on 0.02 µl of the gut solution using a Neubauer 
haemocytometer.

Data Analysis.  All statistical analyses were carried out using ‘R’ programming software61. The total num-
ber of conditioned responses was analysed using a negative binomial mixed effects model in the ‘glmmADMB’ 
package62,63. Mixed effects Cox proportional hazards models, in the package ‘coxme’64,65, were used to analyse 
the learning rate and final proportion of bees that displayed one or more conditioned responses. Mixed mod-
elling techniques were used to allow for the colony each bee came from to be accounted for as a random effect. 
Co-variables used in the models included ‘treatment’, ‘task (forager or nest)’, ‘thorax width’, ‘age’, ‘infection inten-
sity’, and the interaction term between ‘treatment’ and ‘task’. These variables were chosen as we had a priori rea-
sons to believe that they could affect learning or interact with the treatment to effect learning. There was no 
correlation between variables and models were not overdispersed. Validation of the Cox model was carried out 
to check it was not violating the proportional hazards assumption. Mixed effects models were validated by visual 
inspection of plots of the model residuals plotted against the fitted values.

Data availability statement.  The dataset generated and analysed during the current study is available from the 
corresponding author upon request. It is also available on Figshare (https://figshare.com/s/82b35fadd236c053915b).

References
	 1.	 Dobson, A., Lafferty, K. D., Kuris, A. M., Hechinger, R. F. & Jetz, W. Homage to Linnaeus: how many parasites? How many hosts? 

Proc. Natl. Acad. Sci. USA 105, 11482–11489 (2008).
	 2.	 Poulin, R. & Morand, S. The diversity of parasites. Q. Rev. Biol. 75, 277–293 (2000).
	 3.	 Lafferty, K. D. & Shaw, J. C. Comparing mechanisms of host manipulation across host and parasite taxa. J. Exp. Biol. 216, 56–66 

(2013).
	 4.	 Moore, J. Parasites and the Behavior of Animals. (Oxford University Press, 2002).
	 5.	 Moore, J. An overview of parasite-induced behavioral alterations – and some lessons from bats. J. Exp. Biol. 216, 11–17 (2013).
	 6.	 Schmid-Hempel, R. et al. The invasion of southern South America by imported bumblebees and associated parasites. J. Anim. Ecol. 

83, 823–837 (2014).
	 7.	 Berger, L. et al. Chytridiomycosis causes amphibian mortality associated with population declines in the rain forests of Australia and 

Central America. Proc. Natl. Acad. Sci. 95, 9031–9036 (1998).
	 8.	 Potts, S. G. et al. Global pollinator declines: trends, impacts and drivers. Trends Ecol. Evol. 25, 345–353 (2010).
	 9.	 Krkosek, M. et al. Declining Wild Salmon Populations in Relation to Parasites from Farm Salmon. Science. 318, 1772–1775 (2007).

https://figshare.com/s/82b35fadd236c053915b


www.nature.com/scientificreports/

7SCIENtIfIC REPOrTs |  (2018) 8:5809  | DOI:10.1038/s41598-018-24007-9

	10.	 Cameron, S. A., Lim, H. C., Lozier, J. D., Duennes, M. A. & Thorp, R. Test of the invasive pathogen hypothesis of bumble bee decline 
in North America. Proc. Natl. Acad. Sci. USA 113, 4386–4391 (2016).

	11.	 Cameron, S. A. et al. Patterns of widespread decline in North American bumble bees. Proc. Natl. Acad. Sci. USA 108, 662–667 
(2011).

	12.	 Fürst, M. A., McMahon, D. P., Osborne, J. L., Paxton, R. J. & Brown, M. J. F. Disease associations between honeybees and bumblebees 
as a threat to wild pollinators. Nature 506, 364–366 (2014).

	13.	 Meeus, I., Brown, M. J. F., De Graaf, D. C. & Smagghe, G. Effects of invasive parasites on bumble bee declines. Conserv. Biol. 25, 
662–671 (2011).

	14.	 Schmid-Hempel, P. Parasites in Social Insects. (Princeton University Press, 1998).
	15.	 Gillespie, S. Factors affecting parasite prevalence among wild bumblebees. Ecol. Entomol. 35, 737–747 (2010).
	16.	 Jones, C. M. & Brown, M. J. F. Parasites and genetic diversity in an invasive bumblebee. J. Anim. Ecol. 83, 1428–1440 (2014).
	17.	 Kissinger, C. N., Cameron, S. A., Thorp, R. W., White, B. & Solter, L. F. Survey of bumble bee (Bombus) pathogens and parasites in 

Illinois and selected areas of northern California and southern Oregon. J. Invertebr. Pathol. 107, 220–224 (2011).
	18.	 Malfi, R. L. & Roulston, T. H. Patterns of parasite infection in bumble bees (Bombus spp.) of Northern Virginia. Ecol. Entomol. 39 

(2014).
	19.	 Shykoff, J. A. & Schmid-Hempel, P. Incidence and effects of 4 parasites in natural populations of bumble bees in Switzerland. 

Apidologie 22, 117–125 (1991).
	20.	 Gegear, R. J., Otterstatter, M. C. & Thomson, J. D. Does parasitic infection impair the ability of bumblebees to learn flower-handling 

techniques? Anim. Behav. 70, 209–215 (2005).
	21.	 Gegear, R. J., Otterstatter, M. C. & Thomson, J. D. Bumble-bee foragers infected by a gut parasite have an impaired ability to utilize 

floral information. Proc. R. Soc. B-Biological Sci. 273, 1073–1078 (2006).
	22.	 Otterstatter, M. C., Gegear, R. J., Colla, S. R. & Thomson, J. D. Effects of parasitic mites and protozoa on the flower constancy and 

foraging rate of bumble bees. Behav. Ecol. Sociobiol. 58, 383–389 (2005).
	23.	 Alghamdi, A., Dalton, L., Phillis, A., Rosato, E. & Mallon, E. B. Immune response impairs learning in free-flying bumble-bees. Biol. 

Lett. 4, 479–481 (2008).
	24.	 Mallon, E. B., Brockmann, A. & Schmid-Hempel, P. Immune response inhibits associative learning in insects. Proc. R. Soc. 

B-Biological Sci. 270, 2471–2473 (2003).
	25.	 Riddell, C. E. & Mallon, E. B. Insect psychoneuroimmunology: immune response reduces learning in protein starved bumblebees 

(Bombus terrestris). Brain Behav. Immun. 20, 135–138 (2006).
	26.	 Brown, M. J. F., Moret, Y. & Schmid-Hempel, P. Activation of host constitutive immune defence by an intestinal trypanosome 

parasite of bumble bees. Parasitology 126, 253–260 (2003).
	27.	 Brunner, F. S., Schmid-Hempel, P. & Barribeau, S. M. Immune gene expression in Bombus terrestris: signatures of infection despite 

strong variation among populations, colonies, and sister workers. PLoS One 8 (2013).
	28.	 Deshwal, S. & Mallon, E. B. Antimicrobial peptides play a functional role in bumblebee anti-trypanosome defense. Dev. Comp. 

Immunol. 42, 240–243 (2014).
	29.	 Riddell, C. E., Sumner, S., Adams, S. & Mallon, E. B. Pathways to immunity: temporal dynamics of the bumblebee (Bombus terrestris) 

immune response against a trypanosomal gut parasite. Insect Mol. Biol. 20, 529–540 (2011).
	30.	 Brown, M. J. F., Loosli, R. & Schmid-Hempel, P. Condition-dependent expression of virulence in a trypanosome infecting 

bumblebees. Oikos 91, 421–427 (2000).
	31.	 Brown, M. J. F., Schmid-Hempel, R. & Schmid-Hempel, P. Strong context-dependent virulence in a host-parasite system: reconciling 

genetic evidence with theory. J. Anim. Ecol. 72, 994–1002 (2003).
	32.	 Casey, T. M. & Ellington, C. P. Energetics of Insect Flight. in Energy Transformations in Cells and Animals (eds. Wieser, W. & Gnaiger, 

E.) 200–212 (1989).
	33.	 Ellington, C. P., Machin, K. E. & Casey, T. M. Oxygen-consumption of bumblebees in forward flight. Nature 347, 472–473 (1990).
	34.	 Pouvreau, A. Contribution to the study of polyethism in bumblebees, Bombus latr (Hymenoptera, Apidae). Apidologie 20, 229–244 

(1989).
	35.	 König, C. & Schmid-Hempel, P. Foraging activity and immunocompetence in workers of the bumble bee Bombus terrestris L. Proc. 

R. Soc. B-Biological Sci. 260, 225–227 (1995).
	36.	 Bitterman, M. E., Menzel, R., Fietz, A. & Schafer, S. Classical-conditioning of proboscis extension in honeybees (Apis mellifera). J. 

Comp. Psychol. 97, 107–119 (1983).
	37.	 Brunner, F. S., Schmid-Hempel, P. & Barribeau, S. M. Protein-poor diet reduces host-specific immune gene expression in Bombus 

terrestris. Proc. R. Soc. B-Biological Sci. 281 (2014).
	38.	 Perez, M., Rolland, U., Giurfa, M. & d’Ettorre, P. Sucrose responsiveness, learning success, and task specialization in ants. Learn. 

Mem. 20, 417–420 (2013).
	39.	 Ray, S. & Ferneyhough, B. Behavioral development and olfactory learning in the honeybee (Apis mellifera). Dev. Psychobiol. 34, 

21–27 (1999).
	40.	 Evans, L. J., Raine, N. E. & Leadbeater, E. Reproductive environment affects learning performance in bumble bees. Behav. Ecol. 

Sociobiol. 70, 2053–2060 (2016).
	41.	 Riveros, A. J. & Gronenberg, W. Olfactory learning and memory in the bumblebee Bombus occidentalis. Naturwissenschaften 96, 

851–856 (2009).
	42.	 Riveros, A. J. & Gronenberg, W. Brain allometry and neural plasticity in the bumblebee Bombus occidentalis. Brain Behav. Evol. 75, 

138–148 (2010).
	43.	 Tobback, J., Mommaerts, V., Vandersmissen, H. P., Smagghe, G. & Huybrechts, R. Age- and task-dependent foraging gene expression 

in the bumblebee Bombus terrestris. Arch. Insect Biochem. Physiol. 76, 30–42 (2011).
	44.	 Goulson, D. et al. Can alloethism in workers of the bumblebee, Bombus terrestris, be explained in terms of foraging efficiency? Anim. 

Behav. 64, 123–130 (2002).
	45.	 Worden, B. D., Skemp, A. K. & Papaj, D. R. Learning in two contexts: the effects of interference and body size in bumblebees. J. Exp. 

Biol. 208, 2045–2053 (2005).
	46.	 Darvill, B., Knight, M. E. & Goulson, D. Use of genetic markers to quantify bumblebee foraging range and nest density. Oikos 107, 

471–478 (2004).
	47.	 Knight, M. E. et al. An interspecific comparison of foraging range and nest density of four bumblebee (Bombus) species. Mol. Ecol. 

14, 1811–1820 (2005).
	48.	 Osborne, J. L. et al. Bumblebee flight distances in relation to the forage landscape. J. Anim. Ecol. 77, 406–415 (2008).
	49.	 Redhead, J. W. et al. Effects of habitat composition and landscape structure on worker foraging distances of five bumble bee species. 

Ecol. Appl. 26, 726–739 (2016).
	50.	 Imhoof, B. & Schmid-Hempel, P. Patterns of local adaptation of a protozoan parasite to its bumblebee host. Oikos 82, 59–65 (1998).
	51.	 Yourth, C. P. & Schmid-Hempel, P. Serial passage of the parasite Crithidia bombi within a colony of its host, Bombus terrestris, 

reduces success in unrelated hosts. Proc. R. Soc. B-Biological Sci. 273, 655–659 (2006).
	52.	 Rutrecht, S. T. & Brown, M. J. F. The life-history impact and implications of multiple parasites for bumble bee queens. Int. J. Parasitol. 

38, 799–808 (2008).



www.nature.com/scientificreports/

8SCIENtIfIC REPOrTs |  (2018) 8:5809  | DOI:10.1038/s41598-018-24007-9

	53.	 Raine, N. E. & Chittka, L. The correlation of learning speed and natural foraging success in bumble-bees. Proc. R. Soc. B-Biological 
Sci. 275, 803–808 (2008).

	54.	 Baron, G. L., Raine, N. E. & Brown, M. J. F. Impact of chronic exposure to a pyrethroid pesticide on bumblebees and interactions 
with a trypanosome parasite. J. Appl. Ecol. 51, 460–469 (2014).

	55.	 Cole, R. J. Application of triangulation method to purification of Nosema spores from insect tissues. J. Invertebr. Pathol. 15, 193–195 
(1970).

	56.	 Logan, A., Ruiz-González, M. X. & Brown, M. J. F. The impact of host starvation on parasite development and population dynamics 
in an intestinal trypanosome parasite of bumble bees. Parasitology 130, 637–642 (2005).

	57.	 Giurfa, M. & Sandoz, J.-C. Invertebrate learning and memory: fifty years of olfactory conditioning of the proboscis extension 
response in honeybees. Learn. Mem. 19, 54–66 (2012).

	58.	 Smith, K. E. & Raine, N. E. A comparison of visual and olfactory learning performance in the bumblebee Bombus terrestris. Behav. 
Ecol. Sociobiol. 68, 1549–1559 (2014).

	59.	 Sommerlandt, F. M. J., Rossler, W. & Spaethe, J. Elemental and non-elemental olfactory learning using PER conditioning in the 
bumblebee. Bombus terrestris. Apidologie 45, 106–115 (2014).

	60.	 Baer, B. & Schmid-Hempel, P. Unexpected consequences of polyandry for parasitism and fitness in the bumblebee. Bombus terrestris. 
Evolution. 55, 1639–1643 (2001).

	61.	 R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria 
(2018).

	62.	 Fournier, D. A. et al. AD Model Builder: using automatic differentiation for statistical inference of highly parameterized complex 
nonlinear models. Optim. Methods Softw. 27, 233–249 (2012).

	63.	 Skaug, H., Fournier, D., Bolker, B., Magnusson, A. & Nielson, A. Generalized Linear Mixed Models using’AD Model. R package 
version 0.8.3.3 (2016).

	64.	 Cox, D. R. Regression models and life-tables. J. R. Stat. Soc. Ser. B 34, 187–220 (1972).
	65.	 Therneau, T. M. coxme: Mixed Effects Cox Models. R package version 2.2-5. https://CRAN.R-project.org/package=coxme (2015).

Acknowledgements
We would like to thank Ellouise Leadbeater, Ash Samuelson, Gemma Baron, Dara Stanley and Karen Smith for 
advice and technical assistance, Judit Bagi, Emily Bailes, Lena Grinsted, Fabio Manfredini and Harry Siviter for 
comments and suggestions on the manuscript, and The Crown Estate for permission to collect wild bumblebees 
at Windsor Great Park. We would also like to thank two anonymous reviewers and the editor, whose comments 
enabled us to improve our manuscript. This study was funded by a BBSRC CASE studentship BB/L016001/1 to 
M.J.F.B in collaboration with NIAB EMR and Berry Gardens.

Author Contributions
C.D.M. and M.J.F.B. conceived the initial idea and designed the experiment. C.D.M. performed the experiment 
and statistical analyses. C.D.M. wrote the manuscript draft and C.D.M., M.T.F. and M.J.F.B. provided the final 
edit.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-24007-9.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

https://CRAN.R-project.org/package=coxme
http://dx.doi.org/10.1038/s41598-018-24007-9
http://creativecommons.org/licenses/by/4.0/

	Bumblebee olfactory learning affected by task allocation but not by a trypanosome parasite

	Results

	Discussion

	Methodology

	Queen collection. 
	Commercial colonies. 
	Crithidia bombi purification and inoculation. 
	Callow marking. 
	Olfactory learning. 
	Parasite infection intensity. 
	Data Analysis. 
	Data availability statement. 

	Acknowledgements

	Figure 1 Cumulative proportion of parasitised and control bees to have shown at least one conditioned response throughout the duration of the trials.
	Figure 2 Cumulative proportion of forager and nest bees to have shown at least one conditioned response throughout the duration of the trials.
	Figure 3 Visualisation of the non-significant interaction (see results for statistics) between treatment and task, with proportion of bees that showed one or more conditioned responses as the response variable.
	Figure 4 Overview of the creation of ‘experimental’ and ‘stock’ colonies from a single commercial colony.




