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A B S T R A C T

Disease transmission networks are key for understanding parasite epidemiology. Within the social insects,
structured contact networks have been suggested to limit the spread of diseases to vulnerable members of their
society, such as the queen or brood. However, even these complex social structures do not provide complete
protection, as some diseases, which are transmitted by workers during brood care, can still infect the brood.
Given the high rate of feeding interactions that occur in a social insect colony, larvae may act as disease
transmission hubs. Here we use the bumblebee Bombus terrestris and its parasite Crithidia bombi to determine the
role of brood in bumblebee disease transmission networks. Larvae that were artificially inoculated with C. bombi
showed no signs of infection seven days after inoculation. However, larvae that received either an artificial
inoculation or a contaminated feed from brood-caring workers were able to transmit the parasite to naive
workers. These results suggest that the developing brood is a potential route of intracolonial disease transmission
and should be included when considering social insect disease transmission networks.

1. Introduction

To be successful, a parasite must have effective host transmission
and the ability to maintain parasitaemia once infection is established
(Price, 1980). Understanding the epidemiology of parasites is conse-
quently key for elucidating host-parasite interactions. The high popu-
lation densities and low genetic variability of social insects may provide
an ideal environment for pathogen transmission (Schmid-Hempel,
1998, but see Van Baalen and Beekman, 2006). Consequently, on top of
individual immune mechanisms, some insect societies have evolved
‘social immunity’ (reviewed by Cremer et al., 2007). One potential
mechanism of social immunity is the evolution or co-option of struc-
tured contact networks among individuals to minimize the spread of
disease (Naug, 2008; Naug and Smith, 2007; Schmid-Hempel, 1998;
Schmid-Hempel and Schmid-Hempel, 1993). Such networks, e.g., cen-
trifugal polyethism in ants (Hölldober and Wilson, 1990; Schmid-
Hempel, 1998) and heterogeneous interaction networks in honeybees
(Naug, 2008; Naug and Camazine, 2002), may limit the spread of
parasites within colonies, and give specific protection to the queen and
brood, which are essential to the reproductive success of the colony.
Nevertheless, even in large, complex insect societies, such protection is
incomplete (Bailey, 1956, reviewed by Bailey and Ball, 1991; de

Miranda and Genersch, 2010; Hansen and Brødsgaard, 1999). One
reason for this is the high rate of worker-brood feeding interactions that
are required for successful larval development. Consequently, in con-
trast to the prevailing view, brood may have the potential to act as a
transmission hub in social insect colonies.

Bumblebees and their parasite, Crithidia bombi, provide an excellent
model system to address this question. Bumblebees exist as small, re-
latively simple eusocial colonies (Wilson, 1971). Most colonies acquire
Crithidia bombi from transmission through foraging outside of the nest
(Imhoof and Schmid-Hempel, 1999; Jones and Brown, 2014; Shykoff
and Schmid-Hempel, 1991), presumably from flowers that have been
contaminated by a visiting infected worker (Durrer and Schmid-
Hempel, 1994; Ruiz-González et al., 2012). The parasite is transferred
to other workers in the colony through contact networks (Otterstatter
and Thomson, 2007; Shykoff and Schmid-Hempel, 1991). However,
how these networks relate to the colony’s brood is unclear. Currently, it
remains unknown whether C. bombi is infective towards bumblebee
larval stages, and thus whether bumblebee brood are integral to intra-
colonial transmission networks. However, other insect trypanosomatids
infect both adults and larvae (e.g., Hamilton et al., 2015). In addition,
even in the absence of infection, the repeated oral interactions (termed
“trophallaxis”, Wilson, 1971) between larvae and adult workers could
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provide the opportunity for brood to act as a transient hub for parasite
transmission. Here we ask the following questions: (1) can B. terrestris
larvae become infected with the gut trypanosome C. bombi?, and (2) can
larvae act as a source of infection for workers?

2. Materials and methods

2.1. Colony origin

Four B. terrestris colonies (hereafter referred to as colonies A, B,
C & D) (containing a queen, brood and a mean of 95 (± 6.1 S.E.)
workers) were obtained from Biobest, Belgium. Colonies were kept in a
dark room at 25 °C and 55% humidity (red light was used for colony
manipulation). To ensure colonies were healthy and developing nor-
mally they were monitored for seven days prior to use in the experi-
ments described below.

2.2. Testing whether bumblebee larvae can be infected by Crithidia bombi.

To create a parasite source, wild B. terrestris queens, naturally in-
fected with C. bombi, were collected from Windsor Great Park, UK
(SU992703), in the spring of 2016. The faeces of these bees were mixed
with sugar water (1:1) and fed orally to ten workers removed from
Colony D. The inoculated workers were returned to colony D, enabling
parasite transmission to occur and creating a stock population for C.
bombi acquisition. This stock population was maintained under dark
room conditions (see above) and fed ad libitum pollen and sugar water.

A C. bombi inoculant was prepared by combining the faeces of
twenty stock bees, which was then diluted in 1 ml of 0.9% insect Ringer
solution. To purify the C. bombi inoculant a modified version of the Cole
(1970) triangulation protocol was used. The C. bombi cells in the re-
sulting solution were counted using a Neubauer haemocytometer and
the concentration of cells was calculated at 3800/μl.

From the remaining three colonies (A, B & C) forty-two workers per
colony were randomly selected and placed into individual quarantine.
Quarantine chambers (n = 126) comprised a 16 × 10 × 8 cm plastic
box. The lid was modified to allow the insertion of a 10 ml tube to
provide ad libitum sugar water, and each quarantine box was also
provided with 0.1 g of pollen. All quarantined bees were monitored for
seven days. This period of time enabled reliable detection of already
existing C. bombi infections (Logan et al., 2005; Schmid-Hempel and
Schmid-Hempel, 1993). All workers were then screened for the
common parasites, C. bombi, Nosema spp. and Apicystis bombi, by mi-
croscopic examination of faecal samples using a phase contrast micro-
scope at 400× magnification. No infections were identified in any
workers at this stage. These quarantined workers were used for all
further experimental procedures to ensure there was no external para-
site source.

Once workers had passed successfully through quarantine, ten
larvae from each of the remaining three colonies were randomly as-
signed across experimental or control micro-colonies (1 each per
colony). Each micro-colony (n = 6) was housed in a 14 × 8× 5.5 cm
acrylic box and contained brood casing with five larvae at 2nd/3rd
instar. Prior to inoculation these were kept without access to food or
workers, under dark room conditions (outlined above) for one hour to
ensure a feeding response. To inoculate larvae, sugar water and pollen
were first combined (3:1) to create an artificial worker feed. This was
then combined in equal proportions (100 μl:100 μl) with the C. bombi
inoculant (see above) to create a master-mix. Experimental larvae were
exposed by opening the brood casing, and each was then fed 6 μl of
inoculated feed containing 11,400 parasite cells using a 20 μl micro-
pipette. Each control larva was fed 6 μl of sugar water and pollen (3:1)
in a similar fashion. Larvae were left to consume the entire inoculant
until no trace was visible under a stereomicroscope (20× magnifica-
tion). Post inoculation the brood casing was resealed manually and
larvae were returned to their micro-colonies. Each micro-colony was

then given three quarantined workers to provide brood care, and was
provisioned with ad libitum pollen and sugar water. After seven days,
larvae were removed and their gut was isolated by dissection. The gut
was homogenized in 0.5 ml of 0.9% insect Ringer solution and screened
for C. bombi by microscopic examination using a phase contrast mi-
croscope (400× magnification). Workers from each micro-colony were
also screened for C. bombi using microscopic examination of faecal
samples. If an infection was identified a Neubauer haemocytometer was
used to calculate an average cell count.

2.3. Investigating whether larvae can act as a transmission hub for Crithidia
bombi

Workers from each experimental micro-colony described above
were found to have C. bombi infections. To investigate if this trans-
mission had occurred during trophallaxis or via the inoculant residue
left on the larvae a further experiment was designed. As before ten
larvae were removed from each of the three donor commercial colonies
(A, B & C). Experimental and control micro-colonies (n = 6) each con-
taining five larvae at 2nd/3rd instar were then set up. Larvae were
inoculated as before, however once larvae had consumed the inoculum
they were removed from their brood casing and submerged in 15 ml of
ddH2O and dried using a paper towel. Larvae were placed back in their
brood casing which was resealed and returned to their respective micro-
colonies with three quarantined workers to provide brood care, and
were provisioned with ad libitum pollen and sugar water. After a period
of seven days workers were removed and screened for C. bombi infec-
tion via microscopic examination of faeces. Again, under these condi-
tions, workers were found to have C. bombi infections. A final, more
conservative iteration of this methodology using the same sample size
was undertaken where the cleaning process was repeated twice per
larvae post inoculation. Workers were screened as before after a period
of seven days.

As larval cleaning (see above) is not representative of an ecologi-
cally relevant scenario, to determine if larvae acted as a pathogen hub
after receiving a parasite-contaminated feed, a serial transfer experi-
ment was used. Again ten larvae were removed from each of the three
donor commercial colonies (A, B & C). Experimental and control micro-
colonies (n = 6) each containing five larvae at 2nd/3rd instar were
then set up. To ensure experimental manipulation was not the cause of
C. bombi transmission, inoculation was undertaken by three workers per
micro-colony (hereafter called “nurse cohort 0”), by providing them
with a food source contaminated with C. bombi to feed to experimental
larvae. A C. bombi inoculant, as described above, was mixed with ar-
tificial worker feed in a 1:5 ratio (to make up 1 ml), which nurse cohort
0 were allowed to feed to experimental larvae for a period of 24 h.
Control groups were similarly fed a pollen sugar water mix. At the end
of the 24-h period the brood casing containing all larvae was removed
and placed into a sterile micro-colony box with three newly quar-
antined workers (hereafter called “nurse cohort 1”) and provided ad
libitum pollen and sugar water. After 24 h exposure nurse cohort 1 were
removed and quarantined for seven days before screening for C. bombi
(as described earlier). Larvae were simultaneously transferred into a
new sterile micro-colony box and provisioned with three newly quar-
antined workers (hereafter called “nurse cohort 2”) and ad libitum
pollen and sugar water. This serial transfer continued for a total of three
days post inoculation, with all workers being screened for C. bombi
infections seven days after exposure to the contaminated larvae. If in-
fection was observed a haemocytometer was used to quantify the
parasite load. In all experiments infection intensities were compared
with ANOVA tests using R programming language (R Core Team, 2016).
All graphical outputs were undertaken in R, using ggplot 2 (Wickham,
2009).
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