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Abstract
Bees regulate their individual body temperatures by non-flight thermogenesis (NFT). The effects of a
pathogen challenge on thermoregulation in bees generally is unknown, although honeybees have
displayed opposing responses between two studies. To establish whether bees in general experience
disruption of thermoregulation under pathogen challenge, we investigated a representative species of
each of three major bee social backgrounds (honeybees, Apis mellifera; bumblebees, Bombus impatiens;
and solitary bees, Megachile rotundata) and measured the body surface temperatures of individual bees
as they recovered from cold torpor by NFT after injection with lipopolysaccharide (LPS) solution, which
simulated a pathogen challenge. We found that LPS injection affected rewarming in the annually
eusocial B. impatiens, but not A. mellifera or the solitary M. rotundata. Specifically, the pathogen
challenge increased post-recovery body temperatures by 2 oC in B. impatiens individuals. Our findings
indicate that immune responses by individual bees can interfere with thermoregulation, but this effect is
not consistent among major bee species.

Introduction
Bees cannot fly in cold conditions without first warming their flight muscles1. Bees use non-flight
thermogenesis (NFT) to raise their thoracic temperature to the flight threshold2. This allows them to
forage for food, evade predation, and gather resources. Social species also use NFT to incubate their
brood3,4, which maximises the rate of colony growth. In general, effective thermoregulation by active NFT
is a critical adaptation for bees.
External factors such as starvation can limit an individual’s ability to thermoregulate effectively2,5. For
example, exposure to pesticides can disrupt thermogenesis in bees6,7. Potentially, other stressors may
interfere with thermoregulation, such as pathogen challenge.
Bees maintain various immune responses, which include both cellular responses (phagocytosis,
encapsulation) and humeral responses (the prophenoloxidase cascade and antimicrobial effectors). The
high cost of active immunocompetence8 may divert limited resources from thermogenic metabolism.
Alternatively, bees may exhibit a fever response if this were adaptive in combatting the proliferation of
infection. Indeed, various insect species have demonstrated a preference for warmer environments or
generated higher temperatures in response to pathogen challenges9. However, the extent to which the
induction of an immune response in bees interferes with the regulation of body temperature is unclear.
Here we investigated a representative of each major social group. Specifically, we compare the highly
eusocial Apis mellifera (honeybee), the annually eusocial Bombus impatiens (bumblebee), and the
solitary Megachile rotundata (alfalfa leafcutter bee/ALCB) to see if an artificial immune challenge affects
individual warming, and if this response differs regarding social background.

Methods
Page 2/8

We collected ~ 50 newly eclosed bees (A. mellifera) from four different colonies with no signs of disease
at the NC State Apiculture Program’s Honeybee Research Facility (Raleigh, NC). We caged batches of 30
marked bees in plastic pots along with unmarked sisters from the same source colony (total of 40–50
bees per cage) and maintained them at 31.5 oC10. We provided the bees with ad libitum 50% sucrose
solution in feeders for at least 7 days before treatment.
We acquired 15 B. impatiens colonies from BioBest LTD (Leamington, Ontario, Canada). We transferred
100 newly emerged individuals from healthy colonies (screened for Crithidia bombi) into 200 x 250 x 150
mm ventilated petri dishes at room temperature (∼22 ± 4°C) for 7–14 days before treatment. Individuals
were given 50% and allowed to feed ad libitum.
We obtained alfalfa leafcutter bees (M. rotundata) from 500 nesting cells in January 2017 from the
USDA-ARS Pollinating Insects Research Unit (Logan, Utah). The cells were screened for disease using xray photography and kept at 4°C prior to incubation11. Cells incubated at 28°C within a 200 x 250 x 150
mm wooden box for 18 days12. We transferred females to individual 100 x 15 mm petri dishes with 50%
sucrose solution provided ad libitum.
To test the physiological response to a non-lethal immune challenge, we injected experimental subjects
with lipopolysaccharides (LPS) from Escherichia coli O128:B1213,14. We suspended 10 mg of LPS
powder (Sigma Aldrich: L2755-10MG) in 2 ml of Ringer’s solution (VWR: AAJ67524-AP)8 and then
injected 5 µl of this solution through the pleural membrane between the second and third tergites of each
bee using a sterilised glass capillary tube that had been pulled to a fine point. We anesthetised all bees
with carbon dioxide for approximately 30 seconds until inert prior to treatment.
Our experiment included two control groups, a no-injection group and a group injected with 5µl of Ringers
solution only to control for mechanical injury. All bees were randomly assigned to treatment groups and
were between 7 and 13 days post-eclosion on the day of injection.
To establish whether the immune challenge affected rewarming, we moved each bee to a refrigerated (4
oC)

environment to induce cold torpor 24 hours after injections. We kept A. mellifera and M. rotundata at
this temperature for 30 minutes and B. impatiens for 1 hour because of their larger body size. We then
transferred each bee to a mesh cage on a Styrofoam pad at laboratory room temperature (∼22 ± 4°C). We
measured the body surface temperature of each individual immediately after removal from the
refrigerator, and every minute for 30 minutes using a thermal imaging camera (Testo 870-1 Thermal
Imager, Testo Ltd., Alton, UK). We set the camera’s emissivity scale to 0.9715 and the reflected temperature
compensation to 20°C. We measured thoracic temperature using the mean of three measurements in the
intertegular region using Testo IRSoft v3.7 (Testo Ltd., Alton, UK)7. From this series, we calculated each
bee’s rate of warming and final stable temperature. We also recorded dead bees with the same set up to
ensure we saw active warming. We removed individuals from the final dataset that did not recover from
cold torpor.
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To ensure that the LPS injections had stimulated an immune response, we conducted a zone of
antimicrobial activity assay. Immediately after each final image, we anesthetised the bees with carbon
dioxide and extracted haemolymph16. We pooled the samples according to treatment group within a
species, and stored the pooled samples at -80°C. We then prepared a Micrococcus leuteus lawn using
aseptic technique on standard agar plates. We placed 5µl aliquots of haemolymph onto the lawn and
incubated the plates overnight at 30°C. There was sufficient haemolymph for two replications of A.

mellifera and B. impatiens treatment groups but only one M. rotundata plate (because of their smaller
body size). We photographed the resulting zones of clearance (i.e. antimicrobial activity) and used
ImageJ software (1.51k Wayne Rasband, National Institutes of Health, USA) to quantify antimicrobial
activity by the mean of three diameter measurements.

Results
In B. impatiens, we detected variation among treatments in post-recovery equilibrated thoracic
temperature (one-way ANOVA: F2,29 = 3.303, P = 0.0105; Fig. 1). LPS-injected bees had a surface
temperature approximately 2 oC higher than control bees and the Ringers-only group (Tukey test, LPS vs
Control: P = 0.028, LPS vs Ringers: P = 0.066). There was no difference between the stable temperature of
the two control groups (Tukey test: P = 0.951).
We found no significant variation among treatment groups in post-recovery equilibrated thoracic
temperature of A. mellifera and M. rotundata (Fig. 1).
None of the three species tested exhibited a change in rate of warming with an immune challenge (Fig. 2),
although the rate of warming for live bees was higher than the ambient warming of dead bees (Student’s
t-test, t352 = − 4.823, P < 0.001), which demonstrates active warming.
The areas of antimicrobial activity varied between treatment groups across all three species (one-way
ANOVA: F2,29 = 6.089, P = 0.036). LPS-challenged haemolymph had a much larger zone of inhibition (ZOI)
than the control groups (Tukey HSD P = 0.018) but not a significantly different ZOI than Ringer’s-injected
individuals (Tukey HSD P = 0.055) indicating that there may have been a small degree of microbial
contamination of the injured control groups, although there was no significant variation between control
and Ringer’s-injected areas of antimicrobial activity (Tukey HSD P = 0.625).

Discussion
Our results demonstrate that thermoregulation in bees can be disrupted by a pathogen challenge in some
species. Specifically, we found that an LPS-injection caused an increase in post-recovery equilibrated
thoracic temperature in bumblebees, but not in honeybees and ALCBs.
Bumblebees may benefit from raising their internal body temperature with infection. Many animals are
known to raise the threshold of their thermal equilibrium in response to a pathogen challenge, often
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referred to as a ‘fever.’ Several studies across vertebrates and invertebrates suggest that an increase in a
subject’s body temperature of 1–3°C17,18 in response to infection can increase survivorship19. We note
that our study does not demonstrate a benefit from the altered thermal equilibrium and we have not
established wither the alteration is transient or lasting.
In contrast to bumblebees, neither honeybees nor ACLBs exhibited a disruption of their thermal
equilibrium in response to either wounding or LPS-injection. Previous work has found that honeybee
colonies generate an increased brood temperature in response to infections of microsporidian fungi
(Ascosphaera apis)20. In the colony, honeybees infected with N. ceranae displayed a preference for
warmer areas of the comb, which they interpreted as a behavioural fever. However, isolated individuals
did not alter their thoracic temperature in response to infection5. On this evidence, we provisionally
propose that honeybees respond to microbial challenge more strongly at the whole-colony level than as
individual bees. However, further experiments are needed to clarify how the immunophysiology of
honeybees relates to variation in the type of immunochallenge and the social context of the individual.
The honeybee explanation of social background affecting the resilience of the individual’s thermal
equilibrium under immunochallenge cannot extend to M. rotundata. As a solitary bee, it is impossible that
social hygiene has replaced the individual’s immune response. Overall, this inconsistency highlights the
provisional and incomplete understanding of the adaptive value of resilience of thermogenic recovery
among bees generally, irrespective of the impact of social lifestyle. Further research in wider range of
solitary bee species is therefore needed to assess whether solitary species seek out warmer temperatures
as is the case within the colony in honeybees5 or in the general environment as in other solitary species9.
In conclusion, we found that B. impatiens individuals experienced a disturbance to their thermal
equilibration in response to immune stimulation, but A. mellifera and M. rotundata did not. Our findings
are only partially explained in the context of levels of sociality and should therefore stimulate further
investigation into pathogen disruption of thermoregulation, the evolution of sociality and the adaptive
significance of individual immunity.
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Figures

Figure 1
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Average stable thoracic temperature of A. mellifera, B. impatiens, and M. rotundata between 25 and 30
minutes post-rewarming. “Controls Combined” represents an average thoracic temperature of all Ringersinjected and non-injured bees. Treatments highlighted with an asterisk are significantly different from
each other within a species at p<0.05

Figure 2
Warming curves of Apis mellifera (Am), Bombus impatiens (Bi), and Megachile rotundata (Mr) from cold
torpor through the first 10 minutes of rewarming; after which point the temperatures are stable
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