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system, known as immunosenescence, which occurs in 
many organisms (reviewed by Peters et al. 2019), includ-
ing well-studied groups like humans (e.g. Beharka et al. 
2001; Goldstein 2012) and birds (Haussmann et al. 2005). 
Although less studied, there is also increasing evidence that 
immunosenescence occurs in invertebrates (reviewed by 
Stanley 2012). For example, older crickets, Gryllus assi-
milis, have increased susceptibility to infection and lower 
haemocyte counts (Park et al., 2011). Furthermore, suscep-
tibility to infection in red flour beetles (Khan et al., 2016) 
and honeybees (Amdam et al., 2005; Roberts and Hughes, 
2014) has been shown to rise with age.

Alternatively, young organisms may be more suscep-
tible to parasite infection and susceptibility to infection 
may decrease with age. This is observed for some infec-
tions in humans, for example children are more likely to 
develop an infection when exposed to both malaria (Baird 
1998) and cholera (Deen et al., 2008). In some cases, 

Introduction

Susceptibility to parasite infection can vary with age, as has 
been observed across a wide variety of animal taxa, includ-
ing invertebrates (reviewed by Ben-Ami 2019). Infection 
susceptibility can vary with age in a variety of ways, for 
example susceptibility may increase, decrease or follow 
cyclic patterns with age. One factor that can increase sus-
ceptibility to infection with age is senescence, which can 
be defined as the increased rate of mortality with age due 
to a decline in an organism’s functioning (Kirkwood and 
Holliday 1979; Stanley 2012). Senescence can impact infec-
tion susceptibility by a fall in the efficacy of the immune 
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Abstract
One factor that can affect infection susceptibility is host age, the effects of which vary in a range of ways. For example, 
susceptibility may increase with age, due to senescence or decrease with age as a result of maturation of the immune 
system. If certain ages are more susceptible to infection, populations with contrasting demographics, such as same-age 
cohorts versus a mixture of ages, will exhibit differing disease prevalence. We use the bumblebee, Bombus terrestris, and 
its interaction with the gut trypanosome Crithidia sp. as a model system to investigate age-related susceptibility in a social 
insect. Crithidia sp. are widespread and prevalent parasites of bumblebees that are spread between colonies via faeces on 
flowers when foraging, and within colonies via contact with infected bees and contaminated surfaces and resources. In 
the field, Bombus spp. live for approximately three weeks. Here, we inoculated bumblebees at 0, 7, 14 and 21 days of age 
and measured their infection after one week. We also measured the level of gene expression of two antimicrobial peptides 
important in the defence against Crithidia bombi in bumblebees. We found that younger bumblebees are more susceptible 
to infection by Crithidia sp. than their older siblings. Specifically, individuals inoculated on their first day of emergence 
had infection intensities seven days later that were four-fold higher than bees inoculated at 21 days of age. In contrast, 
the gene expression of two AMPs known to protect against the trypanosome, abaecin and defensin, did not significantly 
vary with age. These results suggest that age does affect susceptibility to Crithidia sp. infection in B. terrestris. The higher 
susceptibility of callows may have implications for the susceptibility of colonies at different stages of their lifecycle, due 
to the contrasting age demography of workers in the colony.
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higher susceptibility to infection in young organisms can 
be explained by the development of the immune system. 
For example, newborn babies are more susceptible to some 
infections because adaptive components of the immune sys-
tem, such as the complement, have not yet fully established 
(McGreal et al. 2012; Kollmann et al., 2017). On the other 
hand, susceptibility may not follow a linear pattern with 
age, rather hosts may exhibit periodic increases in infection 
susceptibility. This can be seen in some invertebrates that 
are more susceptible to infection following moulting (e.g. 
Corteel et al. 2009).

The effect of age on host susceptibility to infection may 
lead to population-level effects. Host populations often con-
sist of a wide variety of different ages, the structure of which 
is spatially and temporally dynamic. If certain ages are more 
susceptible to infection, populations with contrasting demo-
graphics, such as same-age cohorts versus a mixture of ages, 
will exhibit differing disease prevalence (Ben-Ami 2019). 
Thus, the relationship between age and disease suscepti-
bility is critical for understanding the dynamics of parasite 
transmission in a host population, which can help predict 
the trajectory and impact of a disease (e.g. Woolhouse and 
Hargrove 1998).

We use the bumblebee, Bombus terrestris, and its inter-
action with the gut trypanosome Crithidia sp. as a model 
system to investigate age-related susceptibility in a social 
insect. Bombus terrestris are annual, eusocial insects and 
colonies consist of one singly-mated queen and her offspring 
(Schmid-Hempel and Schmid-Hempel 2000). Workers help 
raise their sisters through brood care, foraging and guarding 
the nest and therefore, their fitness depends upon the suc-
cess of the colony. In the field, Bombus spp. workers live for 
approximately three weeks (Brian 1952; Rodd et al. 1980; 
Cartar 1992). Crithidia bombi, a highly prevalent parasite of 
bumblebees (Shykoff and Schmid-Hempel 1991a; Rutrecht 
and Brown 2008; Gillespie 2010; Popp et al. 2012), is trans-
mitted between colonies via faeces on flowers (Durrer and 
Schmid-Hempel 1994; Graystock et al. 2015; Adler et al. 
2018; Figueroa et al. 2019; Pinilla-Gallego et al. 2022) and 
within colonies through contact with infected individu-
als and contaminated nest material (Schmid-Hempel and 
Schmid-Hempel 1993; Otterstatter and Thomson 2007; Sah 
et al. 2021).

There is some evidence that populations with a higher 
mean age exhibit increased C. bombi prevalence (White-
horn et al. 2011). However, age was not directly manipu-
lated in this study, rather wing wear was used as a proxy 
for age. This is problematic as wing wear is confounded by 
activity levels, with individuals partaking in more foraging 
exhibiting increased wing wear (Foster and Cartar 2011). 
However, if older individuals are indeed more susceptible 
to C. bombi, this may be explained by immunosenescence. 

Doums et al. (2002) found a reduction in melanisation and 
encapsulation of a foreign object in older bumblebee work-
ers and phenoloxidase activity has been shown to decline 
with age (Whitehorn et al. 2011). While initial work sug-
gested that C. bombi might elicit phenoloxidase activity 
(Brown et al. 2003), since then studies have shown that 
anti-microbial peptide (AMP) genes expression is upregu-
lated in response to C. bombi infection (Riddell et al. 2011; 
Brunner et al. 2013). These genes are involved in the pro-
tection against C. bombi as when AMPs were knocked out 
bumblebees exhibited higher susceptibily to C. bombi infec-
tion (Deshwal and Mallon 2014). Whether the expression of 
these immune genes declines with age remains unknown. 
Alternatively, younger individuals may be more susceptible 
to C. bombi infection because they have not been previously 
exposed to pathogens or non-pathogenic organisms, such as 
environmental bacteria. Although bumblebees only have an 
innate immune system, there is evidence that bumblebees 
possess species-specific responses upon secondary exposure 
to a pathogen (known as immune priming). For example, 
Sadd and Schmid-Hempel (2006) found that B. terrestris 
were less susceptible to secondary infection from a bacteria 
when they had previously been exposed to it compared to 
another species. As of yet, there is no evidence of immune 
priming against C. bombi specifically and consequently, it is 
not clear whether immune priming plays a role in the sus-
ceptibility of B. terrestris to C. bombi.

However, susceptibility in this system is not solely deter-
mined by the host immune system. In fact, changes to the 
gut microbiota through an individual’s life may also affect 
host susceptibility to C. bombi infection. A host’s microbi-
ome is established through contact with faeces in the colony 
(Koch and Schmid-Hempel 2011) and its constitution is an 
important predictor of C. bombi infection intensity (Koch 
and Schmid-Hempel 2012), with certain species, such as 
Lactobacillus spp. and Gilliamella spp., conferring reduced 
susceptibility. Callows emerge without a gut microbiome 
(Hakim et al. 2009; Kapheim et al. 2021; Hammer et al. 
2023) and acquire the microbiome through contact with 
their colony (Koch and Schmid-Hempel 2011). The gut 
microbiome takes time to establish and increase in diver-
sity, for example, the relative abundance of Gilliamella spp. 
increases with age (Hammer et al. 2023). Consequently, 
younger bees could be more susceptible to C. bombi infec-
tion compared to older bees, reversing the expectation from 
immunosenescence alone.

As B. terrestris colonies grow, they are characterised by 
contrasting population demographics. At the beginning of 
the lifecycle, there is a higher number of younger workers 
compared to the end, when the colony consists of a larger 
population of older workers. Elucidating the relationship 
between age and C. bombi susceptibility may therefore shed 
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light on the spread and impact of C. bombi infection at dif-
ferent points in the colony lifecycle. In addition, if certain 
ages are more susceptible to infection, this relationship could 
highlight disease reservoirs in a population. Here, we inves-
tigated the susceptibility of B. terrestris workers between 
0 and 21 days old to Crithidia sp. infection. We inoculated 
workers with a standardised inoculum, allowed the infection 
to develop for one week and measured the infection inten-
sity through faecal sampling. We also used qPCR to mea-
sure the impact of infection on AMP expression, as these 
genes are involved in host defence against C. bombi (Desh-
wal and Mallon 2014; Marxer et al. 2016). If age does affect 
infection susceptibility, we hypothesise that infection inten-
sity will be highest in the youngest and oldest individuals. 
In addition, we predict that AMP expression will be lowest 
in the youngest and oldest individuals. This is because in the 
youngest individuals the immune system may not have fully 
established and in older individuals the immune system may 
be less effective due to immunosenescence.

Methods

Experimental organisms

Bumblebees

Five commercial colonies of Bombus terrestris audax, with 
approximately 50 workers, were purchased from Agralan 
(UK). All bees were housed under red light, 25°C and 50% 
humidity throughout the experiment. Faecal samples of 15 
bees per colony were screened for Crithidia sp., Vairimor-
pha (formerly Nosema) spp. and Apicystis bombi using a 
phase contrast microscope (Nikon Eclipse 50i) at X400 
magnification (Rutrecht and Brown 2009). None of the 
samples contained these parasites. Colonies were provided 
with honeybee collected pollen (Agralan, UK) and sterile 
sugar solution (50% concentration) ad-libitum.

Crithidia sp. and inoculation protocol

One additional colony (Agralan, UK) was used as Crithidia 
sp. stock for inoculations. This colony was infected with Cri-
thidia sp. originating from post-hibernation spring queens 
collected at Windsor Great Park (Surrey, UK) in March 
2021. While we were unable to screen our parasite with 
molecular tools to confirm its species identity, we believe 
that it was most likely Crithidia bombi because our previ-
ous molecular screening of Crithidia sp. infections from this 
bumblebee population has only ever found C. bombi. How-
ever, to be conservative we refer to our parasite source as 
Crithidia sp. throughout. On the day of inoculation, faecal 

samples from 15 to 20 workers were purified using a modi-
fied triangulation protocol developed by Cole (1970). Bees 
were starved for two hours and then fed a standardised 
inoculum of 12,000 cells mixed with sterile 50% sugar solu-
tion in a 30 µl droplet. This dose is field-realistic (Schmid-
Hempel and Schmid-Hempel 1993) and has a high chance 
of leading to infection (Ruiz-González and Brown 2006). 
Bees from all treatment groups were inoculated using nicot 
cages (Becky’s bees, UK), which are cylindrical contain-
ers adapted from hair rollers to house bees (see Fig. S1). 
Bees were placed individually in a nicot cage. They drank 
the inoculum from a 2  ml syringe connected to the nicot 
cage through a hole in the base secured with masking tape 
(adapted from the OECD 247 protocol for ecotoxicity test-
ing). They were left to drink the inoculum for four hours. 
If the entire droplet was not consumed after four hours the 
individual was discarded from the experiment. Following 
inoculation, bees were housed individually in transparent 
plastic cages (12 × 7 × 5.5  cm) for one week. 50% sterile 
sugar solution and honeybee collected pollen (Agralan, UK) 
were supplied ad-libitum, since restricted access to pollen 
reduces longevity (Smeets and Duchateau 2003).

Experimental design

Treatment groups

To test the impacts of worker age on susceptibility to infec-
tion, we inoculated workers at four different ages: 0 days, 
7 days, 14 days and 21 days old. These ages were chosen 
to represent a range of ages over the average worker life in 
the field, which is approximately three weeks for Bombus 
spp. (Brian 1952; Rodd et al. 1980) and to allow the inoc-
ulation to develop into a full infection, which takes 7–10 
days (Schmid-Hempel and Schmid-Hempel 1993; Imhoof 
and Schmid-Hempel 1998; Logan et al. 2005; Otterstatter 
and Thomson 2006). Within each age group there were two 
treatment groups. To assess the impact of age on infection 
all treatment groups were inoculated with Crithidia sp. One 
group was screened for infection through faecal sampling 
and in the second group, AMP expression was measured 
using qPCR to test the effect of age on the immune response, 
resulting in a 4 × 2 factorial design.

Obtaining bumblebee samples

Colonies were checked three times per day for callow work-
ers. Callow workers were removed within 24  h of emer-
gence. They were identified through greyish legs, white 
stripes, ruffled fur, sluggish and clumsy behaviour, curved 
wings, little wing movement and low levels of aggression 
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previous work showing that AMP expression remains ele-
vated 18 h after inoculation (Riddell et al. 2011; Brunner 
et al. 2013). The gene expression of the AMPs abaecin and 
defensin were chosen because previous work has shown that 
they are upregulated following C. bombi inoculation (Bar-
ribeau and Schmid-Hempel 2013; Brunner et al. 2013; Rid-
dell et al. 2014) and are involved in the immune response 
against C. bombi (Deshwal and Mallon 2014).

Total RNA extraction

Whole abdomens were ground in liquid nitrogen and 
approximately half was used to extract Total RNA using 
0.5  ml TRIzol reagent (Invitrogen) following the manu-
facturers protocol. Total RNA was further purified twice 
using 2 M lithium chloride and finally dissolved in 50 uL 
of nuclease-free water. RNA quality was checked spectro-
photometically using nanodrop (Thermofisher Scientific) 
and RNA gel electrophoresis. Throughout RNA extraction, 
all equipment, gels and water were sterile and autoclaved to 
reduce the risk of RNA denaturation or contamination.

Primer design

Primers for qPCR were designed using the PrimerQuest tool 
and checked using Geneious ver.8.1.9. based on the mRNA 
sequences of B. terrestris which were (RPL13: FN391387.1., 
Arginine kinase: AF492888, RPS18: XM_048411652.1, 
RPS6: XM_012314237.3, abaecin: XM_003394653.4, 
defensin: FJ161700.1). Primer sequences are given in 
Table 1.

qPCR

RNA samples were treated with RQ1 RNase-Free DNase 
(Promega). First strand cDNA was synthesised from 500ng 
total RNA in a volume of 20µL using random pentadecamer 
primers and SuperScript III Reverse Transcriptase (Invi-
trogen). No genomic DNA contamination in the prepared 
cDNA was confirmed by PCR using primers for RPS6 
which span an intron. The qPCR reaction in 10µL contained 
cDNA prepared from 2.5ng total RNA, 400 nM of forward 

or resistance when handled (HWG pers. obs.; O’Donnell et 
al. 2000; see Fig. S2).

Callows were marked with a coloured spot that cor-
responded to their colony of origin and were randomly 
assigned to one of the eight treatment groups: 0 day faecal 
screening, 7 day faecal screening, 14 day faecal screening, 
21 day faecal screening, 0 day qPCR, 7 day qPCR, 14 day 
qPCR and 21 day qPCR. These groups contained 2–10 indi-
viduals from multiple colonies and were housed together 
until inoculation. Individuals were inoculated when they 
reached the age assigned to their group. Multi-colony 
groups were housed in wooden boxes (21 × 12 × 10  cm) 
containing cat litter to prevent faeces accumulating. They 
were provided with honeybee collected pollen (Agralan, 
UK) and sterile sugar solution (50% concentration) ad-libi-
tum. Individuals assigned to the 0 day faecal screening and 
0  day qPCR treatments were inoculated immediately and 
therefore, were not housed in groups. The date that callows 
were removed from their colony was recorded, since colony 
age may affect the immune response of workers (Moret and 
Schmid-Hempel 2009).

Measuring the infection outcome

Measuring infection intensity

Seven days post-inoculation faecal samples were taken 
from those bees assigned to the faecal sampling treatment 
groups. Infection intensity was measured using an improved 
Neubauer chamber haemocytometer and phase contrast 
microscope at X400 magnification. A digital calliper (Mitu-
toyo) was used to measure the thorax width at the wing 
intersection. Each individual was measured three times and 
the mean calculated. This measure was used as a proxy for 
bee size, since size affects infection intensity of C. bombi 
(Otterstatter and Thomson 2006).

Measuring the immune response

Individuals assigned to qPCR groups were snap frozen 18 h 
post-inoculation in liquid nitrogen and stored at -80°C. 
Eighteen hours was chosen due to practical constraints and 

Table 1  Primer sequences used in the qPCR. RPL13, Arginine kinase and RPS18 were used as reference genes. Abaecin and defensin AMPs were 
chosen because they are upregulated following C. bombi inoculation and are involved in the immune response against C. bombi
Gene Forward primer Reverse primer Annealing 

tempera-
ture (°C)

RPL13 ​G​G​T​G​A​T​G​C​T​A​C​T​G​A​A​G​A​A​G​A​A​A​T​G ​A​G​A​A​A​T​G​A​C​A​C​G​G​G​C​C​T​T​A​G 60
Arginine kinase ​T​C​T​A​G​C​A​C​T​T​T​G​T​C​T​G​G​C​T​T​A​G ​A​G​T​G​G​T​C​G​T​C​G​A​T​C​A​G​T​T​T​C 60
RPS18 ​A​A​G​G​T​G​T​T​G​G​T​C​G​T​C​G​T​T​A​C ​C​A​T​T​C​T​C​C​A​G​C​A​C​G​C​T​T​A​T​C​T 64
RPS6 ​A​T​G​T​C​G​T​T​C​G​T​A​T​C​T​C​G​G​G​C ​C​G​C​T​C​A​C​C​A​T​C​A​C​G​T​C​T​A​G​G 66
Abaecin ​G​A​A​G​G​A​A​C​A​A​G​T​T​G​T​G​G​A​G​A​G​A ​G​G​T​C​G​T​G​G​C​G​G​A​T​T​A​T​A​T​G​G 64
Defensin ​G​C​T​C​T​T​C​T​C​T​T​T​G​T​G​G​C​T​G​T​A ​T​C​G​C​A​G​G​T​C​A​C​T​C​T​T​C​T​T​T​G 60
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treatment group (Gelman and Hill 2006; Arnqvist 2020). 
Similarly, the model did not include the date callow was 
removed from the colony since on some days only one or 
two individuals were collected per age treatment group per 
day. A Gamma error distribution was used due to a high 
level of overdispersion when Gaussian and quasi error dis-
tributions were used. Tukey post-hoc tests were conducted 
using the package ‘emmeans’ (Lenth 2022) if fixed factors 
were significant.

Results

Sample for faecal screening

A total of 103 callows from five colonies were collected for 
use in the faecal screening experiment. They were collected 
on seven different dates from 29/04/2021–10/05/2021. The 
final sample sizes for the 0, 7, 14 and 21-day age treatment 
were 27, 30, 27 and 19 respectively. Sample sizes varied 
between treatment groups and colonies due to variation in 
size and production of callows across colonies, the random 
allocation of callows to age treatment groups and the loss 
of samples due to reasons shown in Table 2. Sample sizes 
across treatments per colony are shown in Table S1.

Effect of age on infection intensity

All individuals inoculated became infected. Age signifi-
cantly affected infection intensity (X2

3 = 11.139, p = 0.011). 
Tukey’s HSD test for multiple comparisons found that 
the estimated mean infection intensity of 0  day old indi-
viduals (40,325 cells/µl, 95% C.I. = [22,104, 73,567]) 
was significantly higher than that of 7 day old individuals 
(13,910 cells/µl, 95% C.I. = [8,427, 22,961], p = 0.0486) 
and 21-day individuals (9,732 cells/µl, 95% C.I. = [5130, 
18,462], p = 0.009, Fig.  1). There was no significant dif-
ference between 0 and 14 days (14 days: 19,896 cells/µl, 
95% C.I. = [11,725, 33,761]; p = 0.227), 7 and 14 days 
(p = 0.751), 7 and 21 days (p = 0.789) or 14 and 21 days 
(p = 0.278). Size was not a significant predictor of infection 
intensity (X2

1 = 1.067, p = 0.301). There was no significant 
difference in infection intensity between bees collected on 
different dates (X2

6 = 5.633, p = 0.466). In addition, plots of 
the intercepts (± 95% C.I) for colonies illustrated that there 
was no significant difference in the susceptibilities of colo-
nies to Crithidia sp. infection (Fig. 1; Fig. S4). Comparing 
the coefficient of variation between levels of age showed 
that variance did not significantly differ across age groups 
(p = 0.733).

and reverse primers and 4µL iTaq™ Universal SYBR® 
Green Supermix (BioRad). qPCR was performed using a 
CFX 96 thermal cycler (Bio-Rad), using the following 
programme: 95 °C, 15 min, then 49 cycles of 95 °C, 15s, 
60/64/66°C (Table 1), 30s and 72 °C, 30s. Melt curve analy-
sis was conducted to check for primer dimer amplification. 
The mean Cq value of technical replicates was calculated, 
and gene expression was normalised against the mean of the 
three reference genes, RPS18, AK and RPL13 by subtract-
ing the mean Cq values of the reference genes from each 
target gene Cq value to produce ΔCq. Standardised gene 
expression was calculated using 2−ΔCq. Two best stably 
expressed reference genes (AK and RPL13) were selected 
out of 4 tested reference genes (reference gene expression 
across treatments is shown in Fig. S3).

Data analysis

Statistical analyses were conducted in R version 4.1.0 (R 
Core Team, 2022). Figures were produced using the pack-
age ‘ggplot2’ (Wickham 2016).

Throughout analyses age was analysed as a categorical 
variable as we had no a priori assumption that age would 
have a linear effect. All model assumptions were tested 
using the ‘DHARMa’ package (Hartig 2022). To test how 
age affected infection intensity (number of Crithidia sp. 
cells per µl) the glmmTMB package (Brooks et al. 2017) 
was used to conduct a mixed effects model with a nega-
tive binomial error distribution. The model included age as a 
fixed effect and colony as a random effect. Bee size, and the 
date the individual was removed from their colony of origin 
were covariates and included as fixed effects. When plotting 
the results, the variance within each age group appeared to 
change with age and therefore, we tested whether there were 
significant differences in the coefficient of variation of each 
level of age using the asymptotic test in the ‘cvequality’ 
package (Marwick and Krishnamoorthy 2019).

The sample sizes for each treatment group in the qPCR 
were low (Table 2). Therefore, a power analysis was con-
ducted using the package ‘pwr’ and function ‘pwr.f2.test’ 
(Champely et al. 2017) to identify the sample size required 
to detect a difference in infection intensity with age if the 
model explained either 30% or 85% of the variation in 
infection intensity with 85% power. These values were cho-
sen to obtain sample size estimates for a wide range of age 
effects on infection intensity. To test how age affected abae-
cin and defensin gene expression, separate general linear 
models with a Gamma error distribution were used includ-
ing standardised AMP expression as the response variable, 
and treatment and colony as fixed factors. Colony was not 
included as a random effect because there were not a suf-
ficient number of samples of each colony within each age 
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this difference, while for 85% a sample size of 6 would be 
required. Consequently, the following analyses should be 
interpreted with caution, as our sample sizes are likely not 
large enough to detect anything but a very large difference 
in AMP expression.

In two samples (one from 0 days and one from 14 days) 
abaecin was not amplified (Cq = 0) and these were not 
included in further analysis because it was not possible to 
calculate standardised immune gene expression. Age did 
not affect abaecin expression (standardised using RPL13: 
X2

3 = 78.6, p = 0.255; standardised using AK: X2
3 = 84.1, 

Effect of age on AMP expression

The final sample sizes used in qPCR for the 0, 7, 14 and 
21 day age treatment were 5, 11, 11 and 10 respectively (see 
Table 2). Sample sizes varied between groups due to varia-
tion in size and production of callows across colonies, the 
random allocation of callows to age treatment groups and 
the reasons shown in Table 2. Sample sizes across treatments 
per colony are shown in Table S2. Power analysis showed 
that if age predicted 30% of the variation in infection inten-
sity, a sample size of 26 per group would be needed to detect 

Table 2  Samples collected and lost for the infection experiment and qPCR
Treatment Total collected 

from colonies
Failed to drink 
inoculum

Failed to defecate Unforeseen 
circumstances

Died before 
screening

Final 
sam-
ple

Infection experiment
0 30 0 0 0 3 27
7 32 0 0 0 2 30
14 42 1 0 0 13 27
21 42 1 1 15 6 19
qPCR
0 10 0 NA 5 0 5
7 11 0 NA 0 0 11
14 12 1 NA 0 0 11
21 10 0 NA 0 0 10

Fig. 1  The mean of the raw data is shown by the large circular data-
point, the error bars show the standard deviations and the smaller 
circular datapoints show the raw data. Datapoints are coloured with 

respect to the five colonies bumblebees originated from. ‘a’ and ‘b’ 
denote significant differences after Tukey post hoc tests. Sample sizes 
are shown above
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visualisation. Age did not significantly affect defensin 
gene expression (standardised using RPL13: X2

3 = 70.1, 
p = 0.0614; standardised using AK: X2

3 = 72.1; p = 0.091 
Fig. 2b). Defensin gene expression standardised against AK 
is shown in Fig. 2a and against RPL13 in Fig. S5b exclud-
ing one outlier from 0 day treatment group to aid visuali-
sation. All data are shown in Fig. S6a and S6b. However, 
like abaecin, defensin expression significantly varied with 
colony (standardised using RPL13: X2

3 = 107.8, p < 0.001; 
standardised using AK: X2

3 = 111.4, p < 0.001; Fig.  3b). 
Defensin gene expression standardised against AK across 
colonies is shown in Fig. 3b and against RPL13 in Fig. S6b. 
When adjusted for multiple comparisons, Tukey-post hoc 

p = 0.263; Fig.  2a). Abaecin gene expression standardised 
against AK is shown in Fig.  2a and against RPL13 in 
Fig. S5a. In contrast, colony significantly affected abae-
cin expression (standardised using RPL13: X2

4 = 32.6, 
p < 0.001; standardised using AK: X2

4 = 115.3, p < 0.001; 
Fig. 3). Abaecin gene expression standardised against AK 
across colonies is shown in Fig. 3a and against RPL13 in 
Fig. S6a. When adjusted for multiple comparisons, how-
ever, Tukey-post hoc tests found no pairwise significant dif-
ferences in abaecin expression between colonies.

There was one large outlier in the defensin gene expres-
sion dataset (from the 0  day treatment group; Fig. S5). 
Figure  2b shows the data without this outlier for clearer 

Fig. 2  (a) Abaecin standardised gene expression in B. terrestris of four 
different ages 18 h after inoculation with Crithidia sp. Abaecin gene 
expression is standardised against the reference gene AK. The triangle 
shows the median and smaller green circular datapoints show the raw 
datapoints. In two samples abaecin was not amplified (one from the 
0 day and from the 14 days treatment group) and these were excluded 

because standardised gene expression could not be calculated. Sample 
sizes are given above datapoints. There was no significant difference 
in abaecin expression between ages. (b) same as (a) for defensin gene 
expression. One extreme outlier has been excluded from the 0  day 
treatment group for easier visualisation. A plot of all data is shown 
in Fig. S5
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than quadruple the infection intensity of individuals inocu-
lated at 21 days of age. In contrast, the gene expression of 
two AMPs known to protect against Crithidia bombi, abae-
cin and defensin, did not significantly vary with age. How-
ever, we emphasise that these gene expression results are 
inconclusive since power analysis showed that our sample 
sizes were only able to detect an extremely large age effect.

We found that 0  day old individuals, or callows, were 
most susceptible to Crithidia sp. infection, confirming our 
hypothesis that susceptibility would be highest in younger 
individuals. While there appeared to be more variation 
in infection intensity in younger age groups, testing for 

tests found no pairwise significant differences in defensin 
expression between colonies.

Discussion

Here we show that younger bumblebees are more suscep-
tible to infection by a trypanosome parasite than their older 
siblings. On average, individuals inoculated at 0 days of age 
had an infection intensity seven days later of 40,325 cells/
µl, which was more than double the infection intensity of 
individuals inoculated when they were 7 days old, and more 

Fig. 3  (a) Abaecin standardised gene expression against AK in B. ter-
restris from five different colonies 18 hours after inoculation with 
Crithidia sp. Triangles show the median and smaller, circular, green 
datapoints the raw datapoints. Sample sizes are shown above the box-
plots. Two samples (one from colony 2 and one from colony 4) were 

excluded as abaecin was not amplified. Colony significantly affected 
defensin gene expression but Tukey host poc tests showed no signifi-
cant pairwise differences between colonies. (b) Same as (a), for defen-
sin gene expression. One extreme outlier from colony 1 was excluded 
for easier visualisation
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aspects of the immune response, not measured here, may 
vary with age.

The gut microbiome provides another explanation for 
the increased susceptibility of callows to infection. Cal-
lows emerge without a gut microbiome (Hakim et al. 
2009; Kapheim et al. 2021) and 24 h post-emergence gut 
bacteria in the mid- and hindgut of bumblebees are scarce 
and exhibit reduced diversity (Hammer et al. 2023). Post-
emergence, bumblebee gut bacteria exhibit logistic growth 
that stabilises after four days (Hammer et al. 2023). The gut 
microbiome is a vital predictor of C. bombi infection inten-
sity (Koch and Schmid-Hempel 2011, 2012) and individuals 
without a gut microbiome have exhibited increased sus-
ceptibility to C. bombi (Koch and Schmid-Hempel 2011). 
Furthermore, the abundance of Gilliamella, which confers 
resistance to C. bombi (Cariveau et al. 2014; Mockler et 
al. 2018), significantly increases with age (Hammer et al. 
2023). Combined, this indicates that a reduced gut microbi-
ome in callows could contribute to the higher susceptibility 
of callows to Crithidia sp.

It is possible that the housing conditions throughout 
the experiment could have affected our results. Following 
removal from colonies callows were housed in multi-colony 
groups consisting of only workers. Workers start develop-
ing ovaries when housed in worker-only groups (Bloch and 
Hefetz 1999) which could divert resources away from the 
immune system. Indeed, a trade-off between the immune 
response and energy expended on foraging has been 
observed (Doums and Schmid-Hempel 2000). Furthermore, 
workers were housed in mixed colony groups for varying 
lengths of time depending on their age treatment. However, 
if there is an effect of housing conditions on the immune 
response, we would expect to see an increase in infection 
intensity with age, which was not observed.

The increased susceptibility of callows to Crithidia sp. 
infection has implications for the susceptibility of the whole 
colony to infection. If callows develop higher infection 
intensities, Crithidia sp. will be transmitted faster through 
the colony, because of an increased concentration of propa-
gules in the faeces. Consequently, Crithidia sp. might be 
more likely to be transmitted through the colony during the 
early compared to late stages of the colony lifecycle, when 
the average age of workers is lower. The susceptibility of 
the colony may also peak and trough in accordance with 
the emergence of cohorts of callows. However, when con-
sidering the implications of our findings on within colony 
transmission, callow behaviour in the colony needs to be 
considered. In larger colonies, callows spend the majority 
of their time hidden underneath pupae and often do not feed 
in the first hours after emergence (HWG pers. obs). Conse-
quently, in spite of their high susceptibility to infection at 
0 days of age, their initial low exposure in the colony may 

differences in the coefficient of variation showed this was 
not significant. In contrast to our hypothesis, susceptibility 
was not higher in the oldest individuals. Despite infection 
intensity not being significantly different between those 
inoculated on day 0 and 14, the mean infection intensity of 
those inoculated at 7, 14 and 21 days old are very similar. 
The high susceptibility of callows to infection may reflect 
a broader increased susceptibility to gut parasites in young 
bees, as two day old B. terrestris are also more suscepti-
ble to another gut parasite, Vairimorpha (Nosema) bombi 
compared to 10 day old individuals (Rutrecht et al. 2007). 
A reduced immune response might explain such higher sus-
ceptibility, however, we found no age-related difference in 
the expression of either abaecin or defensin after inocula-
tion (which also argues against immunosenescence in the 
expression of these immune genes). It is unclear whether 
this finding is a result of an actual lack of difference in gene 
expression or experimental limitations. Our power analy-
ses suggests that we only have a sufficient sample size to 
detect a very large difference in AMP expression, specifi-
cally our sample size could detect a significant difference if 
age explained over 85% of the variation in infection inten-
sity. Furthermore, we measured AMP expression at a single 
time point post-infection and therefore, we could not detect 
whether temporal patterns of AMP expression varied with 
age. Furthermore, we cannot rule out the role of AMPs in 
the susceptibility of callows because lower AMP expression 
has previously been observed in younger honeybees and 
bumblebees (Hammer et al. 2023; Lourenço et al. 2019). 
Hammer et al. (2023) found abaecin and defensin gene 
expression was significantly lower in the hindgut of individ-
uals aged 0–1 days compared to 3–19 days old. However, 
this study measured baseline expression, whereas we mea-
sured expression after an immune-challenge (in this case, 
inoculation with Crithidia sp.). Furthermore, gene expres-
sion was only measured in the hindgut. These differences 
in methodology may limit the comparability of our results, 
but this previous study provides some evidence that reduced 
abaecin and defensin expression could explain the increased 
susceptibility of callows to Crithidia sp. in our experiment.

It is important to acknowledge that we only measured 
the expression of two immune-related genes when, in real-
ity, the immune system is very complex and many genes 
are likely upregulated following infection. It is possible 
that following Crithidia sp. inoculation, the expression of 
abaecin and defensin do not vary with age but the expres-
sion of other immune-related genes, not measured here, do 
vary. For example, peroxidase, which produces reactive 
oxidative species (ROS), is upregulated early in C. bombi 
infection (Riddell et al. 2011). Indeed, Hammer et al. (2023) 
found that the expression of dual oxidase, which generates 
ROS, increases as bumblebees mature, suggesting that other 

1 3

93



H. S. Wolmuth-Gordon et al.

Declarations

Competing interests  The authors declare no competing interests.

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 Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted 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 licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Adler LS, Michaud KM, Ellner SP, McArt SH, Stevenson PC, Irwin 
RE (2018) Disease where you dine: Plant species and floral traits 
associated with pathogen transmission in bumble bees. Ecology 
99:2535–2545. https://doi.org/10.1002/ecy.2503

Amdam GV, Aase ALTO, Seehuus S-C, Kim Fondrk M, Norberg 
K, Hartfelder K (2005) Social reversal of immunosenescence 
in honey bee workers. Exp Gerontol 40:939–947. https://doi.
org/10.1016/j.exger.2005.08.004

Arnqvist G (2020) Mixed models offer no freedom from degrees of 
freedom. Trends Ecol Evol 35:329–335. https://doi.org/10.1016/j.
tree.2019.12.004

Baer B, Schmid-Hempel P (2003) Bumblebee workers from different 
sire groups vary in susceptibility to parasite infection. Ecol Lett 
6:106–110. https://doi.org/10.1046/j.1461-0248.2003.00411.x

Baird JK (1998) Age-dependent characteristics of protection v. sus-
ceptibility to Plasmodium Falciparum. Ann Trop Med Parasitol 
92:367–390

Barribeau SM, Schmid-Hempel P (2013) Qualitatively different 
immune response of the bumblebee host, Bombus terrestris, to 
infection by different genotypes of the trypanosome gut para-
site, Crithidia Bombi. Infect Genet Evol 20:249–256. https://doi.
org/10.1016/j.meegid.2013.09.014

Beharka AA, Paiva S, Leka LS, Ribaya-Mercado JD, Russell RM, 
Meydani SN (2001) Effect of age on the gastrointestinal-asso-
ciated mucosal immune response of humans. Journals Gerontol 
Ser A 56:B218–B223. https://doi.org/10.1093/gerona/56.5.B218

Ben-Ami F, Host Age Effects in Invertebrates (2019) Epidemiologi-
cal, ecological, and evolutionary implications. Trends Parasitol 
35:466–480. https://doi.org/10.1016/j.pt.2019.03.008

Bloch G, Hefetz A (1999) Regulation of reproduction by dominant 
workers in bumblebee (Bombus terrestris) queenright colo-
nies. Behav Ecol Sociobiol 45:125–135. http://www.jstor.org/
stable/4601585

Brian AD (1952) Division of labour and foraging in Bombus Agrorum 
Fabricius. J Anim Ecol 21:223–240. https://doi.org/10.2307/1959

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, 
Nielsen A, Skaug HJ, Maechler MBB (2017) glmmTMB bal-
ances speed and flexibility among packages for zero-inflated gen-
eralized linear mixed modelling. R J 9:387–400

Brown MJF, Moret Y, Schmid-Hempel P (2003) Activation of host con-
stitutive immune defence by an intestinal trypanosome parasite of 
bumblebees. Parasitology 126:253–260. https://doi.org/10.1017/
S0031182002002755

reduce the likelihood, or magnitude, of peaks in infection 
during the emergence of cohorts of callows, particularly in 
larger, older colonies. Previously, callows have been used in 
studies of C. bombi epidemiology, due to their lack of infec-
tion (Shykoff and Schmid-Hempel 1991b; Cisarovsky et al., 
2012). Hence, the increased susceptibility we show here is 
particularly interesting in this host-parasite system. Impor-
tantly, our results show, that if inoculating individuals less 
than one week old, results may not be applicable to adult 
bees due to differences in infection susceptibility.

The lack of a colony effect on infection intensity in our 
experiment is surprising, given previous studies which 
show that this host parasite system exhibits specific host-
parasite genotype-genotype interactions (Baer and Schmid-
Hempel 2003; Cisarovsky et al., 2012; Barribeau and 
Schmid-Hempel 2013). In contrast, abaecin and defensin 
expression did vary between colonies. Previous work has 
shown that different colonies produce contrasting patterns 
in AMP expression in response to both different C. bombi 
strains and immune challenges, for example inoculation 
with C. bombi compared to bacteria (Barribeau and Schmid-
Hempel 2013). Furthermore, Riddell et al. (2009) found 
that different C. bombi strains produced contrasting defen-
sin, but not abaecin, expression across different colonies. 
The lack of relationship in our study between colony varia-
tion in immune gene expression and parasite susceptibility 
again suggests that the gut microbiome of the colony may 
play a role in determining the infection outcome (Koch and 
Schmid-Hempel 2012).

Overall, these results suggest that age does affect suscep-
tibility to Crithidia sp. infection in B. terrestris, with cal-
lows exhibiting higher infection intensities than other age 
treatment groups. We found no difference in AMP expres-
sion, however, our low sample size reduced our power to 
detect an effect of age on AMP expression. Therefore, we 
cannot disregard the role of AMPs in the susceptibility of 
callows to Crithidia sp. infection. Higher susceptibility 
of callows may have implications for the susceptibility of 
colonies at different stages of their lifecycle, due to the con-
trasting age demography of workers in the colony. How-
ever, the size of this impact is unclear because the risk of 
infection for callows in the colony may be relatively low 
due to their behaviour and therefore, exposure to Crithidia 
sp. within the colony.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s00040-
024-00946-7.

Acknowledgements  Thank you to Windsor Great Park for allowing 
the collection of bumblebees to obtain a source of Crithidia spp. This 
work was funded by a Royal Holloway university scholarship. Thank 
you to the editor and two anonymous reviewers for comments that 
improved the manuscript.

1 3

94

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ecy.2503
https://doi.org/10.1016/j.exger.2005.08.004
https://doi.org/10.1016/j.exger.2005.08.004
https://doi.org/10.1016/j.tree.2019.12.004
https://doi.org/10.1016/j.tree.2019.12.004
https://doi.org/10.1046/j.1461-0248.2003.00411.x
https://doi.org/10.1016/j.meegid.2013.09.014
https://doi.org/10.1016/j.meegid.2013.09.014
https://doi.org/10.1093/gerona/56.5.B218
https://doi.org/10.1016/j.pt.2019.03.008
http://www.jstor.org/stable/4601585
http://www.jstor.org/stable/4601585
https://doi.org/10.2307/1959
https://doi.org/10.1017/S0031182002002755
https://doi.org/10.1017/S0031182002002755
https://doi.org/10.1007/s00040-024-00946-7
https://doi.org/10.1007/s00040-024-00946-7


Newly emerged bumblebees are highly susceptible to gut parasite infection

Hakim RS, Baldwin K, Smagghe G (2009) Regulation of midgut growth, 
development, and metamorphosis. Annu Rev Entomol 55:593–
608. https://doi.org/10.1146/annurev-ento-112408-085450

Hammer TJ, Easton-Calabria A, Moran NA (2023) Microbiome assem-
bly and maintenance across the lifespan of bumblebee workers. 
Mol Ecol 32:724–740. https://doi.org/10.1111/mec.16769

Hartig F (2022) DHARMa: residual diagnostics for hierarchical 
(multi-level / mixed) regression models. https://cran.r-project.
org/package=DHARMa

Haussmann MF, Winkler DW, Huntington CE et al (2005) Cell-
mediated immunosenescence in birds. Oecologia 145:269–274. 
https://doi.org/10.1007/s00442-005-0123-3

https ://https://doi.org/10.1080/00034989859366
Imhoof B, Schmid-Hempel P (1998) Patterns of local adaptation of a 

protozoan parasite to its bumblebee host. Oikos 82:59–65. https://
doi.org/10.2307/3546917

Kapheim KM, Johnson MM, Jolley M (2021) Composition and acqui-
sition of the microbiome in solitary, ground-nesting alkali bees. 
Sci Rep 11:2993. https://doi.org/10.1038/s41598-021-82573-x

Khan I, Prakash A, Agashe D (2016) Immunosenescence and the 
ability to survive bacterial infection in the red flour beetle 
Tribolium castaneum. J Anim Ecol 85:291–301. https://doi.
org/10.1111/1365-2656.12433

Kirkwood TBL, Holliday RFRS (1979) The evolution of ageing and 
longevity. Proc - R Soc London B 205:531–546

Koch H, Schmid-Hempel P (2011) Socially transmitted gut micro-
biota protect bumblebees against an intestinal parasite. Proc 
Natl Acad Sci U S A 108:19288–19292. https://doi.org/10.1073/
pnas.1110474108

Koch H, Schmid-Hempel P (2012) Gut microbiota instead of host 
genotype drive the specificity in the interaction of a natu-
ral host-parasite system. Ecol Lett 15:1095–1103. https://doi.
org/10.1111/j.1461-0248.2012.01831.x

Kollmann TR, Kampmann B, Mazmanian SK, Marchant A, Levy O 
(2017) Protecting the newborn and young infant from infectious 
diseases: lessons from immune ontogeny. Immunity 46:350–363. 
https://doi.org/10.1016/j.immuni.2017.03.009

Lenth RV (2022) emmeans: estimated marginal means, aka least-
squares means. https://cran.r-project.org/package=emmeans

Logan A, Ruiz-González MX, Brown MJF (2005) The impact of host 
starvation on parasite development and population dynamics in 
an intestinal trypanosome parasite of bumblebees. Parasitology 
130:637–642. https://doi.org/10.1017/S0031182005007304

Lourenço AP, Martins JR, Torres FAS, Mackert A, Aguiar LR, Hart-
felder K, Bitondi MMG, Simões ZLP (2019) Immunosenescence 
in honeybees (Apis mellifera L.) is caused by intrinsic senescence 
and behavioural physiology. Exp Gerontol 119:174–183. https://
doi.org/10.1016/j.exger.2019.02.005

Marwick B, Krishnamoorthy K (2019) cvequality: tests for the equal-
ity of coefficients of variation from multiple groups. R software 
package version 0.1.3. Retrieved from https://github.com/ben-
marwick/cvequality, on 07/01/2019

Marxer M, Vollenweider V, Schmid-Hempel P (2016) Insect antimi-
crobial peptides act synergistically to inhibit a trypanosome para-
site. Philos Trans R Soc B Biol Sci 371:20150302. https://doi.
org/10.1098/rstb.2015.0302

McGreal EP, Hearne K, Spiller OB (2012) Off to a slow start: under-
development of the complement system in term newborns is more 
substantial following premature birth. Immunobiology 217:176–
186. https://doi.org/10.1016/j.imbio.2011.07.027

Mockler BK, Kwong WK, Moran NA, Koch H (2018) Microbiome 
structure influences infection by the parasite Crithidia Bombi 
in bumble bees. Appl Environ Microbiol 84:e02335–e02317. 
https://doi.org/10.1128/AEM.02335-17

Moret Y, Schmid-Hempel P (2009) Immune responses of bumblebee 
workers as a function of individual and colony age: senescence 

Brunner FS, Schmid-Hempel P, Barribeau SM (2013) Immune gene 
expression in Bombus terrestris: signatures of infection despite 
strong variation among populations, colonies, and sister work-
ers. PLoS ONE 8:e68181. https://doi.org/10.1371/journal.
pone.0068181

Cariveau DP, Elijah Powell J, Koch H, Winfree R, Moran NA (2014) 
Variation in gut microbial communities and its association 
with pathogen infection in wild bumblebees (Bombus). ISME J 
8:2369–2379. https://doi.org/10.1038/ismej.2014.68

Cartar RV (1992) Morphological senescence and longevity: an experi-
ment relating wing wear and life span in foraging wild bumble-
bees. J Anim Ecol 61:225–231. https://doi.org/10.2307/5525

Champely S, Ekstrom C, Dalgaard P, Gill J, Weibelzahl S, Anandku-
mar A, Ford C, Volcic R, De Rosario H (2017) pwr: Basic func-
tions for power analysis. Software https://cran.r-project.org/web/
packages/pwr/

Cisarovsky G, Schmid-Hempel P, Sadd BM (2012) Robust-
ness of the outcome of adult bumblebee infection with a try-
panosome parasite after varied parasite exposures during 
larval development. J Evol Biol 25:1053–1059. https://doi.
org/10.1111/j.1420-9101.2012.02507.x

Cole RJ (1970) The application of the triangulation method to the puri-
fication of Nosema spores from insect tissues. J Invertebr Pathol 
15:193–195. https://doi.org/10.1016/0022-2011(70)90233-8

Corteel M, Dantas-Lima JJ, Wille M et al (2009) Moult stage and 
cuticle damage influence white spot syndrome virus immersion 
infection in penaeid shrimp. Vet Microbiol 137:209–216. https://
doi.org/10.1016/j.vetmic.2009.01.018

Deen JL, Seidlein L, Sur D et al (2008) The high burden of cholera 
in children: comparison of incidence from endemic areas in 
Asia and Africa. PLoS Negl Trop Dis 2:e173–e173. https://doi.
org/10.1371/journal.pntd.0000173

Deshwal S, Mallon EB (2014) Antimicrobial peptides play a func-
tional role in bumblebee anti-trypanosome defence. Dev Comp 
Immunol 42:240–243. https://doi.org/10.1016/j.dci.2013.09.004

Doums C, Schmid-Hempel P (2000) Immunocompetence in workers 
of a social insect, Bombus terrestris L., in relation to foraging 
activity and parasitic infection. Can J Zool 78:1060–1066. https://
doi.org/10.1139/cjz-78-6-1060

Doums C, Moret Y, Benelli E, Schmid-Hempel P (2002) Senescence of 
immune defence in Bombus workers. Ecol Entomol 27:138–144. 
https://doi.org/10.1046/j.1365-2311.2002.00388.x

Durrer S, Schmid-Hempel P (1994) Shared use of flowers leads to hor-
izontal pathogen transmission. Proc R Soc B Biol Sci 258:299–
302. https://doi.org/10.1098/rspb.1994.0176

Figueroa LL, Blinder M, Grincavitch C et al (2019) Bee pathogen 
transmission dynamics: deposition, persistence and acquisition 
on flowers. Proc R Soc B Biol Sci 286:20190603. https://doi.
org/10.1098/rspb.2019.0603

Foster DJ, Cartar RV (2011) What causes wing wear in foraging bum-
ble bees? J Exp Biol 214:1896–1901. https://doi.org/10.1242/
jeb.051730

Gelman A, Hill J (2006) Data analysis using regression and multilevel/
hierarchical models. Cambridge University Press. https://doi.
org/10.1017/CBO9780511790942

Gillespie S (2010) Factors affecting parasite prevalence among 
wild bumblebees. Ecol Entomol 35:737–747. https://doi.
org/10.1111/j.1365-2311.2010.01234.x

Goldstein DR (2012) Role of aging on innate responses to viral 
infections. Journals Gerontol Ser A 67:242–246. https://doi.
org/10.1093/gerona/glr194

Graystock P, Goulson D, Hughes WHO (2015) Parasites in bloom: 
flowers aid dispersal and transmission of pollinator para-
sites within and between bee species. Proc R Soc B Biol Sci 
282:20151371. https://doi.org/10.1098/rspb.2015.1371

1 3

95

https://doi.org/10.1146/annurev-ento-112408-085450
https://doi.org/10.1111/mec.16769
https://cran.r-project.org/package=DHARMa
https://cran.r-project.org/package=DHARMa
https://doi.org/10.1007/s00442-005-0123-3
https://doi.org/10.1080/00034989859366
https://doi.org/10.2307/3546917
https://doi.org/10.2307/3546917
https://doi.org/10.1038/s41598-021-82573-x
https://doi.org/10.1111/1365-2656.12433
https://doi.org/10.1111/1365-2656.12433
https://doi.org/10.1073/pnas.1110474108
https://doi.org/10.1073/pnas.1110474108
https://doi.org/10.1111/j.1461-0248.2012.01831.x
https://doi.org/10.1111/j.1461-0248.2012.01831.x
https://doi.org/10.1016/j.immuni.2017.03.009
https://cran.r-project.org/package=emmeans
https://doi.org/10.1017/S0031182005007304
https://doi.org/10.1016/j.exger.2019.02.005
https://doi.org/10.1016/j.exger.2019.02.005
https://github.com/benmarwick/cvequality
https://github.com/benmarwick/cvequality
https://doi.org/10.1098/rstb.2015.0302
https://doi.org/10.1098/rstb.2015.0302
https://doi.org/10.1016/j.imbio.2011.07.027
https://doi.org/10.1128/AEM.02335-17
https://doi.org/10.1371/journal.pone.0068181
https://doi.org/10.1371/journal.pone.0068181
https://doi.org/10.1038/ismej.2014.68
https://doi.org/10.2307/5525
https://cran.r-project.org/web/packages/pwr/
https://cran.r-project.org/web/packages/pwr/
https://doi.org/10.1111/j.1420-9101.2012.02507.x
https://doi.org/10.1111/j.1420-9101.2012.02507.x
https://doi.org/10.1016/0022-2011(70)90233-8
https://doi.org/10.1016/j.vetmic.2009.01.018
https://doi.org/10.1016/j.vetmic.2009.01.018
https://doi.org/10.1371/journal.pntd.0000173
https://doi.org/10.1371/journal.pntd.0000173
https://doi.org/10.1016/j.dci.2013.09.004
https://doi.org/10.1139/cjz-78-6-1060
https://doi.org/10.1139/cjz-78-6-1060
https://doi.org/10.1046/j.1365-2311.2002.00388.x
https://doi.org/10.1098/rspb.1994.0176
https://doi.org/10.1098/rspb.2019.0603
https://doi.org/10.1098/rspb.2019.0603
https://doi.org/10.1242/jeb.051730
https://doi.org/10.1242/jeb.051730
https://doi.org/10.1017/CBO9780511790942
https://doi.org/10.1017/CBO9780511790942
https://doi.org/10.1111/j.1365-2311.2010.01234.x
https://doi.org/10.1111/j.1365-2311.2010.01234.x
https://doi.org/10.1093/gerona/glr194
https://doi.org/10.1093/gerona/glr194
https://doi.org/10.1098/rspb.2015.1371


H. S. Wolmuth-Gordon et al.

Rutrecht ST, Brown MJF (2009) Differential virulence in a 
multiple-host parasite of bumblebees: resolving the para-
dox of parasite survival? Oikos 118:941–949. https://doi.
org/10.1111/j.1600-0706.2009.17392.x

Rutrecht ST, Klee J, Brown MJF (2007) Horizontal transmission suc-
cess of Nosema bombi to its adult bumble bee hosts: effects of 
dosage, spore source and host age. Parasitology 134:1719–1726. 
https://doi.org/10.1017/S0031182007003162

Sadd BM, Schmid-Hempel P (2006) Insect immunity shows specific-
ity in protection upon secondary pathogen exposure. Curr Biol 
16:1206–1210. https://doi.org/10.1016/j.cub.2006.04.047

Sah P, Otterstatter M, Leu ST, Leviyang S, Bansal S (2021) Reveal-
ing mechanisms of infectious disease spread through empirical 
contact networks. PLOS Comput Biol 17:e1009604. https://doi.
org/10.1371/journal.pcbi.1009604

Schmid-Hempel P, Schmid-Hempel R (1993) Transmission of a patho-
gen in Bombus terrestris, with a note on division of labour in 
social insects. Behav Ecol Sociobiol 33:319–327. https://doi.
org/10.1007/BF00172930

Schmid-Hempel R, Schmid-Hempel P (2000) Female mating frequen-
cies in Bombus spp. from Central Europe. Insectes Soc 47:36–41. 
https://doi.org/10.1007/s000400050006

Shykoff JA, Schmid-Hempel P (1991a) Incidence and effects of four 
parasites in natural populations of bumble bees in Switzerland. 
Apidologie 22:117–125. https://doi.org/10.1051/apido:19910204

Shykoff JA, Schmid-Hempel P (1991b) Parasites and the advantage 
of genetic variability within social insect colonies. Proc R Soc B 
Biol Sci 243:55–58. https://doi.org/10.1098/rspb.1991.0009

Smeets P, Duchateau MJ (2003) Longevity of Bombus terrestris work-
ers (Hymenoptera: Apidae) in relation to pollen availability, in 
the absence of foraging. Apidologie 34:333–337. https://doi.
org/10.1051/apido:2003026

Stanley D (2012) Aging and immunosenescence in invertebrates. 
Invertebr Surviv J 9:102–109

R Core Team (2022) R: A language and environment for statistical 
computing, Statistical. R Foundation for Statistical Computing, 
Vienna, Austria. https://www.r-project.org/

Whitehorn PR, Tinsley MC, Brown MJF, Darvill B, Goulson D (2011) 
Genetic diversity, parasite prevalence and immunity in wild 
bumblebees. Proc R Soc B Biol Sci 278:1195–1202. https://doi.
org/10.1098/rspb.2010.1550

Wickham H (2016) Ggplot2: elegant graphics for data analysis. 
Springer-Verlag. https://ggplot2.tidyverse.org

Woolhouse ME, Hargrove JW (1998) On the interpretation of age-
prevalence curves for trypanosome infections of tsetse flies. 
Parasitology 116(Pt 2):149–156. https://doi.org/10.1017/
s0031182097002047

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

versus plastic adjustment of the immune function. Oikos 118:371–
378. https://doi.org/10.1111/j.1600-0706.2008.17187.x

O’Donnell S, Reichardt M, Foster R (2000) Individual and colony fac-
tors in bumblebee division of labor (Bombus bifarius Nearcticus 
Handl; Hymenoptera, Apidae). Insectes Soc 47:164–170. https://
doi.org/10.1007/PL00001696

Otterstatter MC, Thomson JD (2006) Within-host dynamics of an 
intestinal pathogen of bumblebees. Parasitology 133:749–761. 
https://doi.org/10.1017/S003118200600120X

Otterstatter MC, Thomson JD (2007) Contact networks and trans-
mission of an intestinal pathogen in bumblebee (Bombus impa-
tiens) colonies. Oecologia 154:411–421. https://doi.org/10.1007/
s00442-007-0834-8

Park Y, Kim Y, Stanley D (2011) Cellular immunosenescence in adult 
male crickets, Gryllus assimilis. Arch Insect Biochem Physiol 
76:185–194. https://doi.org/10.1002/arch.20394

Peters A, Delhey K, Nakagawa S, Aulsebrook A, Verhulst S (2019) 
Immunosenescence in wild animals: meta-analysis and outlook. 
Ecol Lett 22:1709–1722. https://doi.org/10.1111/ele.13343

Pinilla-Gallego MS, Ng WH, Amaral VE, Irwin RE (2022) Floral 
shape predicts bee–parasite transmission potential. Ecology 
103:e3730. https://doi.org/10.1002/ecy.3730

Popp M, Erler S, Lattorff HMG (2012) Seasonal variability of preva-
lence and occurrence of multiple infections shape the population 
structure of Crithidia Bombi, an intestinal parasite of bumble-
bees (Bombus spp). Microbiologyopen 1:362–372. https://doi.
org/10.1002/mbo3.35

Riddell C, Adams S, Schmid-Hempel P, Mallon EB (2009) Differential 
expression of immune defences is associated with specific host-
parasite interactions in insects. PLoS ONE 4:e7621. https://doi.
org/10.1371/journal.pone.0007621

Riddell CE, Sumner S, Adams S, Mallon EB (2011) Path-
ways to immunity: temporal dynamics of the bumble-
bee (Bombus terrestris) immune response against a 
trypanosomal gut parasite. Insect Mol Biol 20:529–540. https://
doi.org/10.1111/j.1365-2583.2011.01084.x

Riddell CE, Lobaton Garces JD, Adams S, Barribeau SM, Twell D, 
Mallon EB (2014) Differential gene expression and alternative 
splicing in insect immune specificity. BMC Genomics 15:1031. 
https://doi.org/10.1186/1471-2164-15-1031

Roberts KE, Hughes WOH (2014) Immunosenescence and resistance 
to parasite infection in the honey bee, Apis mellifera. J Invertebr 
Pathol 121:1–6. https://doi.org/10.1016/j.jip.2014.06.004

Rodd FH, Plowright RC, Owen RE (1980) Mortality rates of adult 
bumblebee workers (Hymenoptera: Apidae). Can J Zool 
58:1718–1721. https://doi.org/10.1139/z80-236

Ruiz-González MX, Brown MJF (2006) Males vs workers: testing the 
assumptions of the haploid susceptibility hypothesis in bumble-
bees. Behav Ecol Sociobiol 60:501–509. https://doi.org/10.1007/
s00265-006-0192-2

Rutrecht ST, Brown MJF (2008) The life-history impact and implica-
tions of multiple parasites for bumblebee queens. Int J Parasitol 
38:799–808. https://doi.org/10.1016/j.ijpara.2007.11.004

1 3

96

https://doi.org/10.1111/j.1600-0706.2009.17392.x
https://doi.org/10.1111/j.1600-0706.2009.17392.x
https://doi.org/10.1017/S0031182007003162
https://doi.org/10.1016/j.cub.2006.04.047
https://doi.org/10.1371/journal.pcbi.1009604
https://doi.org/10.1371/journal.pcbi.1009604
https://doi.org/10.1007/BF00172930
https://doi.org/10.1007/BF00172930
https://doi.org/10.1007/s000400050006
https://doi.org/10.1051/apido:19910204
https://doi.org/10.1098/rspb.1991.0009
https://doi.org/10.1051/apido:2003026
https://doi.org/10.1051/apido:2003026
https://www.r-project.org/
https://doi.org/10.1098/rspb.2010.1550
https://doi.org/10.1098/rspb.2010.1550
https://ggplot2.tidyverse.org
https://doi.org/10.1017/s0031182097002047
https://doi.org/10.1017/s0031182097002047
https://doi.org/10.1111/j.1600-0706.2008.17187.x
https://doi.org/10.1007/PL00001696
https://doi.org/10.1007/PL00001696
https://doi.org/10.1017/S003118200600120X
https://doi.org/10.1007/s00442-007-0834-8
https://doi.org/10.1007/s00442-007-0834-8
https://doi.org/10.1002/arch.20394
https://doi.org/10.1111/ele.13343
https://doi.org/10.1002/ecy.3730
https://doi.org/10.1002/mbo3.35
https://doi.org/10.1002/mbo3.35
https://doi.org/10.1371/journal.pone.0007621
https://doi.org/10.1371/journal.pone.0007621
https://doi.org/10.1111/j.1365-2583.2011.01084.x
https://doi.org/10.1111/j.1365-2583.2011.01084.x
https://doi.org/10.1186/1471-2164-15-1031
https://doi.org/10.1016/j.jip.2014.06.004
https://doi.org/10.1139/z80-236
https://doi.org/10.1007/s00265-006-0192-2
https://doi.org/10.1007/s00265-006-0192-2
https://doi.org/10.1016/j.ijpara.2007.11.004

	﻿Newly emerged bumblebees are highly susceptible to gut parasite infection
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Experimental organisms
	﻿Bumblebees
	﻿﻿Crithidia sp.﻿ and inoculation protocol


	﻿Experimental design
	﻿Treatment groups

	﻿Obtaining bumblebee samples
	﻿Measuring the infection outcome
	﻿Measuring infection intensity
	﻿Measuring the immune response

	﻿Total RNA extraction
	﻿Primer design
	﻿qPCR
	﻿Data analysis
	﻿Results
	﻿Sample for faecal screening
	﻿Effect of age on infection intensity
	﻿Effect of age on AMP expression

	﻿Discussion
	﻿References


