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External immune defense, such as antimicrobial secretions, is not generally viewed as

part of the immune system. Nevertheless, it constitutes a first barrier to pathogens and

manipulates microbial environments. Hygienic measures ranging from the protection

of oneself or conspecifics, the nesting site, to stored food may be more efficient with

secreted antimicrobials. However, the relationship between external immune defense

and internal immunity, including potential life-history trade-offs, is not well-understood.

As hymenopteran venom often contains antimicrobial peptides it could serve as an

external immune defense. Assuming that antimicrobial venom is costly its production

might be traded-off against the internal immune defense. Here we compared the

antimicrobial activity of venom and hemolymph in fourteen different bumblebee species

according to their life-history strategies and characteristics, i.e., overwintered queens,

workers and young queens and cuckoo queens. We found no direct relation between

antimicrobial activity of hemolymph and venom. Across all species, hemolymph mainly

showed lysozyme-like activity (LLA) whereas venommainly showed antimicrobial peptide

(AMP) activity. While LLA activity in the hemolymph was similar among species and

life-history strategies and characteristics, both factors significantly differed in venom

AMP activity. Independent of body size or fat body content, young queens showed the

highest venom AMP activity, followed by workers, overwintered queens, and cuckoo

queens. Venom as a potential external immune trait seems not directly linked to internal

immunity in bumblebees. However, the investment in external defense depends on the

species and the life-history strategies and characteristics of an individual, such as social

status or condition.

Keywords: immune defense strategies, individual condition, immune traits, antibacterial secretions, density

dependence, eusocial insects

INTRODUCTION

Organisms are constantly exposed to parasites and opportunistic microbial pathogens. Due to this
constant microbial selection pressure, organisms have evolved numerous defense mechanisms,
most of which are part of their immune system. Physical barriers, such as the skin or the insect
cuticle, form a first line of defense. However, once pathogens have overcome this barrier, a complex
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interaction of humoral and cellular immune reactions exists to
minimize the threat (Bulet et al., 1999; Lemaitre and Hoffmann,
2007). These immune responses can be constitutively expressed
and/or induced upon recognition of a pathogen or of stress
induced by pathogens (Schmid-Hempel, 2011). In insects, part
of the constitutive immune effectors are peptides that circulate
the hemolymph, for example lysozyme (Schmid-Hempel, 2011).
Upon pathogen recognition, antimicrobial peptides (AMP) are
induced and expressed in many different tissues (Schmid-
Hempel, 2011). Both AMPs and lysozyme can be found in the
fat body, in hemocytes (Cotter et al., 2004), in the midgut,
in salivary glands (Hamilton et al., 2011), within reproductive
organs (Samakovlis et al., 1991; Lung et al., 2001; Otti et al., 2009),
and even on the cuticle (Ashida and Brey, 1995).

The maintenance and use of the immune system are costly
and underly trade-offs with other life-history traits. Hosts should
invest in immune defense mechanisms that reduce the risk
of infection efficiently (Zuk and Stoehr, 2002; Moret, 2003).
One option to minimize costs is to stop threats at the earliest
moment possible by, for example, manipulating the microbial
community in the immediate environment with externalized
antimicrobial secretions (Otti et al., 2014). External immune
defenses can be any heritable trait acting outside an organism,
improving protection from pathogens or manipulating microbial
composition in favor of the given organism and should therefore
be seen as a part of an organisms’ immune system (Otti
et al., 2014). Similar to internal immune defense, allocation to
external immune defense is predicted to depend on ecological
characteristics, such as pathogen pressure, and life-history of
an animal.

Antimicrobial secretions have been found in many different
animal taxa, including insects. Such secretions occur in different
glands of hymenopterans, e.g., in metapleural glands of ants
(Tragust, 2016), in salivary glands of termites (Bulmer et al.,
2009), and in the venom glands of ants (Tragust et al., 2013), bees
(Kuhn-Nentwig, 2003), and wasps (Turillazzi et al., 2006). Both
ants and honeybees have been shown to distribute antimicrobial
secretions from their venom on their cuticle and nests to
manipulate microbial communities in their environment. In this
case, the venom serves as an external immune defense (reviewed
in Tragust, 2016).

The connection between external and internal immune
defenses and the role played by ecology and individual condition
are not well-understood. Ecological and physiological aspects
are known to influence internal immune defenses (Schmid-
Hempel, 2005, 2011; Siva-Jothy et al., 2005; Adamo, 2009) and
life-history theory implies that immune defense traits have costs
and are traded-off against other fitness components (Sheldon
and Verhulst, 1996; Moret and Schmid-Hempel, 2000). The
same should apply to internal vs. external immune defense,
also because the investment in immunity is selected to be
optimal (Westra et al., 2015; Boots and Best, 2018). Baracchi and
Turillazzi (2010) found venom components to vary with social
status in honeybees, indicating that individuals with different life-
history strategies or characteristics (i.e., different castes, eusocial,
and parasitic life) might invest differently into external immune
defenses. For example, during independent colony founding,

queens of eusocial Hymenoptera need to care for the brood
and keep potential pathogens at bay before the emergence of
the first workers. This might require a larger investment into
external immune defenses in comparison to a later life stage when
queens are sheltered within the nest, cared for and groomed
by workers. Then they may hardly ever have the need to use
external immune defenses like venom, especially in comparison
to a worker engaged in hygienic or defensive tasks in and around
the nest.

Additionally, immune defenses may depend on the
physiological condition of an individual (Schmid-Hempel,
2003; Cotter et al., 2019). Since resources are stored in the
fat body, insects rely on their fat content to effectively use
their immune defenses (Dolezal et al., 2019). The fat body,
the production site of hemolymph proteins and several AMPs
(Ferrandon et al., 2007; Dolezal et al., 2019), highlighting the
importance of this organ as an important part of the immune
system. Individuals with higher fat content relative to their
body mass should be able to invest more in the production of
antimicrobial peptides and have higher expression of immune
defenses (Cotter et al., 2019).

At high population density, animals will generally experience
a greater risk of pathogen exposure than at low density
(Hochberg, 1991; Stow et al., 2007; Turnbull et al., 2011).
Insects are known to be selected for higher immunity at higher
densities, i.e., the expression of immune defenses is density-
dependent. For example, several insect species show higher
degrees of melanization of the cuticle, i.e., the insect skin is
denser and thicker under high rearing densities than when
raised alone (Reeson et al., 1998; Wilson et al., 2002). In social
species, group size is obviously related to the density and the
proximity of individuals within the nest (Naug and Camazine,
2002) and high relatedness among them (Baer and Schmid-
Hempel, 1999) should make social insects highly vulnerable
to pathogens. However, in social insects collectively performed
immune defenses have evolved, such as allogrooming or the
distribution of antimicrobial secretions among nestmates, that
have been shown to effectively reduce pathogen pressure (Otti
et al., 2014; Cremer et al., 2018). In commercial bumblebees,
artificial group size manipulation led to higher innate immune
gene expression in groups of workers relative to individually kept
workers (Richter et al., 2012). Group size might, therefore, affect
internal and external immune defenses.

In this study, we compared the internal immune defense
with external immune defense traits in different bumblebee
species (Hymenoptera, Apidae, Bombus spp.), by looking at
antibacterial activity of hemolymph (internal) and venom
(external) immunity. Bumblebees are very important as they
provide pollinator services not only for our crops (Velthuis and
van Doorn, 2006) but also in the wild, thereby maintaining plant
diversity (Goulson et al., 2008). In Central and Northern Europe,
bumblebees have an annual colony cycle with one generation
per year, except for some short-lived species that can have two
colony cycles, e.g., Pyrobombus pratorum (Sladen, 1912). Eusocial
bumblebee colonies have a single reproductive queen (henceforth
overwintered queens), non-reproductive female workers and, at
the end of a colony cycle in autumn, produce new reproductive
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females (henceforth young queens) and males. While males die
after mating, the then fertilized young queens enter hibernation
and found a new colony the following spring (Sladen, 1912).
The appearance of sexual and non-sexual individuals performing
different tasks can be related to different behaviors and
morphologies within life-history strategies and characteristics
(O’Donnell et al., 2000). Colony survival, colony growth and
production of sexuals depend on the reproductive success of the
founding queen and the effort of her workers (Oster and Wilson,
1978). This dependency on one reproductive individual requires
special protection of the queens, as they are responsible for the
fitness of the whole colony (Cremer et al., 2007).

Before and during the colony founding stage, queens should
invest more into their immune defenses to overcome infections.
Whereas, after the first workers emerge, those can take care of
their queen’s health. Some bumblebee species of the subgenus
Psithyrus or cuckoo bumblebees have evolved brood parasitism
(further referred to as cuckoo queens). Cuckoo queens have
an annual life cycle as well. They generally emerge later from
hibernation than their host species and then readily search for
young host colonies. When cuckoo queens find a host colony,
they kill the host queen and enslave the workers to care for their
brood (Fisher, 1988). Cuckoo queens produce only reproductive
offspring of which again only the females overwinter. Cuckoo
queens have a thicker sting and enlarged venom glands (Richards,
1927; Fisher and Sampson, 1992) to improve the probability
of a successful colony take over. Such a difference in the life-
history strategy of cuckoo queens compared to eusocial queens
might have implications for their investment in external and
internal immune defense. We expect that cuckoo queens are
less well-cared for by the enslaved workers of their host colony
in comparison to their own queens. Workers do not benefit
from an increase in the cuckoo queen’s fitness. Therefore, cuckoo
queens need to force workers to provide brood care. Due to the
defensive role of venom toward enemies as well as pathogens,
cuckoo queens may invest more into external immune defenses
in comparison to host queens to compensate for the poor care
behaviors. Similarly, constitutively expressed internal immune
defenses should be stronger in cuckoo queens.

Here, we compared the internal and external immune
defenses of different common bumblebee species in Germany
by comparing lysozyme-like activity (LLA) and antimicrobial
(AMP) activity of the hemolymph to the venom gland contents.
We characterized the variation in immune defenses within
and across life-history strategies and characteristics, i.e., cuckoo
queens, overwintered queens, young queens, and workers. We
predict that different life-history strategies and characteristics
should lead to different immune defense strategies in hemolymph
and venom. Since reproductive success is based on the success
of the reproductive females, we assume overwintered queens and
young queens show stronger immune defenses than workers. We
also expect young queens to show stronger immune defenses
than overwintered queens, as they should have more resources
than queens just emerging from hibernation. Predicting the
extent of external immune defense for cuckoo bumblebees is less
obvious. On the one hand, they might show stronger immune
defenses than overwintered queens, because they cannot rely on

workers taking care of them. On the other hand, they might show
weaker immune defenses, because workers are already protecting
the nest and the cuckoo queen only has to fend for herself.
Additionally, the strength of immune defense should be linked
to individual condition, i.e., size and lipid content stored in the
fat body. We assume that individuals from species with large
colonies show stronger internal, but weaker external immune
defense, than individuals from species with small colonies. This
assumption is based on the idea that in large colonies (>150
individuals) the individual contribution to the protection of the
groupmight be smaller than in small colonies (<120 individuals).
Finally, we test whether internal and external immune defenses
are traded-off against each other to optimize allocation costs.

MATERIALS AND METHODS

From April to September 2016 we collected a total of 342
individuals from 14 different bumblebee species (Table S1) in the
region of Bayreuth (Upper Franconia, Bavaria, Germany). From
nine eusocial bumblebee species we collected 78 overwintered
queens between April and June, 59 young queens between July
and September and 164 workers between April and September.
In addition, we collected 41 cuckoo queens from five social
parasite species of eusocial bumblebees between April and
June (Table S1). The collection of samples was conducted
with the permission of the government of Upper Franconia
(Obere Naturschutzbehörde Oberfranken, Permit reference
number 55.1-8646-1-7-24). All individuals were identified to
the species-level using the identification key published by
Gokcezade et al. (2010).

Hemolymph and Venom Collection
To minimize stress on collected individuals we processed all
bumblebees within a maximum of 3 h after field collection.
This immediate processing should also give a relatively accurate
snapshot of the state of individual immunity and general
individual physiology in the field. Once in the laboratory,
feces samples were taken (Otti and Schmid-Hempel, 2008) (see
Characterization of individual condition) and individuals were
immobilized by chilling them on ice for 30min. Then we
collected hemolymph and venom. Hemolymph was collected
by inserting a sterilized glass capillary pulled to a fine point
(inside diameter 0.58mm, GB100F-10, Science Products GmbH,
Hofheim, Germany) between the sternites of the third and fourth
abdominal segment. From the same individual we then collected
venom, by first removing the venom gland from the abdomen
by pulling the stinger. We used a sterilized glass capillary to
remove the venom from the gland. All capillaries were calibrated
beforehand to measure the total amount of venom. Hemolymph
and venom samples were divided into two parts. One part was
used for a lysozyme assay while the other part was used for a zone
of inhibition assay to measure antimicrobial peptide activity.

Characterization of Internal and External
Immune Defenses
To compare internal and external immune defense across species
and female group (i.e., cuckoo, overwintered, and young queens
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and workers) we investigated a constitutive and an induced
immune trait in all individuals. For this we characterized
lysozyme-like activity (LLA) and antimicrobial peptide (AMP)
activity of the hemolymph and venom, using a lysozyme assay
(Otti et al., 2009) and a zone of inhibition assay (Haine et al.,
2008), respectively. LLA is often constitutively expressed in
insects and has a relatively broad range activity against bacteria
(Nayduch and Joyner, 2013). AMP activity is normally induced
(Broderick et al., 2009), but still present at rather low levels in
non-challenged individuals. However, in many species AMPs are
constitutively expressed in venom and antimicrobial secretions
(Otti et al., 2014). AMPs are more specific in their activity against
bacteria and are among the most potent antimicrobial agents in
nature (Broderick et al., 2009).

Lysozyme Assay
We prepared 24-well culture plate lids (Nunclon, D7039,
Sigma-Aldrich) with 10ml of bacterial agar [500mg agar,
50mg streptomycin sulfate, 1ml Triton-X, 50ml dH2O, 250mg
lyophilized Micrococcus lysodeikticus (ATCC No. 4698, M0508,
Sigma-Aldrich)]. In a flask the mixture was heated to ∼100◦C
until all components had fully dissolved. Streptomycin sulfate
(S6501, Sigma-Aldrich; 0.1 mg/mL) was added to prevent
microbial contamination of the plates. We punched 24
equidistant holes (1.5mm in diameter) into each agar plate using
sterile pipette tips. We randomly distributed hemolymph and
venom samples of different individuals across plates. From each
individual we introduced 1 µl of hemolymph into a hole. For the
venom, due to body size differences we could consistently harvest
0.5µl of venom from queens and 0.25µl fromworkers to transfer
into the holes. LLA plates were incubated for 48 h at 30◦C in an
LTE R© Raven incubator (Greenfield, Oldham, United Kingdom).

Zone of Inhibition Assay (ZIA)
To measure AMP activity, we followed the zone of inhibition
assay protocol developed by Haine et al. (2008). For this the
gram-positive bacteriaArthrobacter globiformis (ATCC no. 8010)
was cultivated from a glycerol stock, stored at −80◦C, on LB-
agar (10 g tryptone, 5 g yeast, 10 g NaCl, 15 g agar, 1 l H2O)
and incubated at 30◦C for 24 h in an LTE R© Raven incubator
(Greenfield, Oldham, United Kingdom). After incubation, one
single colony was picked and transferred into 5ml sterile LB
broth (10 g tryptone, 5 g yeast, 10 g NaCl, 1 l H2O) to prepare
a liquid culture, which was incubated at 30◦C for 24 h in a
shaking incubator (LTE R© Raven incubator, Greenfield, Oldham,
United Kingdom) at 150 rpm. 0.1ml of the liquid culture was
transferred into 50ml of 1% sterile agar at 44◦C. From this,
assay plates were prepared by pouring 5ml of bacteria-containing
agar into a 90mm petri dish. Nine equidistant holes (1.5mm
in diameter) were punched in the agar using sterile pipette
tips. One hole was left empty to serve as a sterile control.
We randomly distributed hemolymph and venom samples of
different individuals across plates. As for LLA we put 1 µl
hemolymph from all individuals and 0.5 µl of venom from
queens and 0.25 µl from workers into the holes. ZIA plates were
incubated for 24 h at 30◦C.

Calculation of LLA and AMP Activity
After incubation, each plate was photographed using a Gel iX
Imager (INTAS Science Imaging Instruments GmbH, Göttingen,
Germany) with matching software INTAS GDS (INTAS Science
Imaging Instruments GmbH, Göttingen, Germany). For each
inhibition zone on a given plate the diameter was measured
twice using ImageJ (version 1.50i; Schneider et al., 2012).
The zone area from the lysozyme assay was then converted
to units of lysozyme using a standard curve (Figure S9 and
Supplementary Information) to make LLA comparable to other
studies. For AMP activity the zone areas in mm2 were used as a
dependent variable.

Colony Size and Immune Defense
In addition, we extracted mean colony sizes and size ranges of
the sampled bumblebee species from the literature (Table S1)
to investigate a potential link between immune function and
sociality or group size as was shown for other bee species by Stow
et al. (2007).

Characterization of Individual Condition
As we expect individual condition to influence the investment
in immune defenses, be it internal or external, we checked
for infections in the feces (Otti and Schmid-Hempel, 2008),
measured body size and fat body content of all sampled
individuals. Immediately after bringing individuals into the
laboratory, feces were screened for different parasites (e.g.,
Nosema sp., trypanosome parasites) under a light microscope.
To our astonishment no visible infection with trypanosomes
(Crithidia bombi, C. expoeki or Lotmaria sp.) could be detected,
because for example Crithidia bombi often shows quite high
prevalence during the summer months (Popp et al., 2012).
Approximately 1.5% (5 out of 342; 1 worker, 4 young queens)
of the individuals showed spores of microsporidia (Nosema sp.).
Roughly 23% (77 out of 342) of the individuals had phoretic mites
(14% in cuckoo queens (6 out of 41), 34% in overwintered queens
(27 out 78), 27% in young queens (16 out of 59) and 17% in
workers (28 out of 164). All individuals were assessed for internal
and external immune defense.

After dissection, the wings from each bumblebee were
removed and the length of the radial cell of the right forewing
was measured to the nearest 0.001mm using ImageJ. The length
of the radial cell of the right forewing is a surrogate for
body size because this measure is independent of body mass
(Medler, 1962; Owen, 1988, 1989). Next, the fat body content
of individuals was measured using the lipid extraction protocol
developed by Bazazi et al. (2016). First, each bumblebee was
placed in a single 15ml reaction tube and dried at 70◦C for 5
days in an UFE 600 compartment drier (memmert, Schwabach,
Germany). Then, dry bumblebees were weighed to the nearest
0.01mg using an OHAUS Explorer balance (OHAUS Europe
GmbH, Greifensee, Switzerland). After measuring initial dry
body weight, 5ml of chloroform was added to each reaction
tube. To wash out all lipids the chloroform was replaced three
times every 24 h. After 72 h the chloroform was removed,
and bumblebees were dried for 5 days and weighed to the
nearest 0.01mg to get a measure for dry weight after fat
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body extraction. The fat body content of each individual was
calculated from the difference between initial dry weight and
dry weight after fat body extraction. Finally, we calculated the
proportion of fat body as a function of initial dry body weight,
i.e., fat content relative to dry body weight, as an estimate of
individual condition.

Statistical Analysis
The data was analyzed using the statistical platform R version
3.6.1 (R Core Team, 2019). First, with a principal component
analysis we investigated if the four female groups formed
clusters (see Supplementary Information). The female groups
clustered into three groups. Workers were well-separated from
overwintered and cuckoo queens and overlapped to some
extent with young queens (Figure S2). The young queens also
overlapped with the overwintered and cuckoo queens. Finally,
the overwintered and cuckoo queens formed one group in
the PCA (Figure S2). Due to the clustering of the different
eusocial female groups and the extremely different life-history
strategy of cuckoo queens, we decided to investigate significant
differences in themeasured traits between the four female groups.
Because parasitic species contained only one female group and
eusocial species three, we analyzed the effects of female group
and species separately. Therefore, in the first set of models, we
used the fixed factors female group and immune defense, i.e.,
internal vs. external, and their interaction term with species as
a random effect. In the second set of models, we used species
and immune defense and their interaction term as fixed effects
with female group as a random effect. Using the R packages
car (Fox and Weisberg, 2011), nlme (Pinheiro et al., 2019) and
multcomp (Hothorn et al., 2008), we analyzed the presence-
absence of internal and external expression of an immune defense
separately for LLA and AMP activity. We fitted linear mixed-
effects models (LME) with a binary response variable for the
presence or absence of LLA and AMP activity, respectively.
Because body size significantly differed between female groups
(LME: X2 = 167.09, df = 3, p < 0.001, all pairwise Tukey
comparisons: p < 0.05) and species (LME: X2 = 429.48, df
= 13, p < 0.001) (Figure S8), we fitted radial cell length as a
covariate to control for body size. To account for this procedure
in the statistical analysis of immune activity, we represent
both immune measures relative to radial cell length on the y-
axis in our figures. To analyze the effect of condition on the
probability to show an immune defense, we fitted body fat
content relative to dry body weight as a covariate. As fixed
factors, we first fitted female group and immune defense, i.e.,
internal vs. external, and their interaction term and in a second
series of models, species and immune defense. As random effects,
we fitted individual nested within female group nested within
species to account for the hierarchical nature of the data and
variation between species in the models with the female group
as a fixed factor. In the models with species as a fixed factor, we
nested individual within female group nested within species as a
random effect.

For the analysis of internal and external immune expression,
we first removed 26 individuals from nine different species,
because they expressed neither LLA nor AMP activity,

neither internally nor externally (cuckoo queen: 1 individual,
overwintered queen: 11, young queen: 2, worker: 12). Using
the R packages glmmTMB (Brooks et al., 2017), DHARMa
(Hartig, 2019), and multcomp (Hothorn et al., 2008), we then
fitted linear mixed-effects models (LME) with LLA and AMP as
response variables to investigate effects of body size, condition,
internal vs. external defense, female group and species. The
package glmmTMB allowed us to account for zero inflation
in the expression of LLA and AMP activity in the LMEs. As
fixed factors we first fitted female group and immune defense,
i.e., internal vs. external, and their interaction term and in a
second series of models we fitted species and immune defense as
fixed factors. We again fitted radial cell length as a covariate to
control for body size effects. To analyze the effect of condition
on immune defense we fitted body fat content relative to
dry body weight as a covariate. As random effects we fitted
individual nested within female group nested within species to
account for the hierarchical nature of the data and for variation
between species in the models with the female group as a
fixed factor. In the models with species as a fixed factor we
nested individual within female group and species as a random
effect. If female group or species showed a significant effect,
we ran multiple comparisons to identify differences among
immune defense mechanisms adjusting p-values according to
Westfall (Bretz et al., 2010).

To investigate associations between traits we accounted for
phylogenetic relatedness of the different bumblebee species by
running phylogenetic comparative analysis with phylogenetic
generalized least-squares (PGLS) using the R packages Rphylip
(Felsenstein, 2005; Revell and Chamberlain, 2014) and caper
(Orme et al., 2018). First, we constructed a phylogenetic
tree using four DNA sequences from the literature with the
software Geneious (see Supplementary Information, Table S2).
Second, we analyzed the strength of the antimicrobial activity
of individuals in relation to colony size in the eusocial species.
For this we calculated the mean external and internal LLA and
AMP activity, i.e., mean units of lysozyme per µl and zone area
in mm2, respectively, for each female group and species. We
used PGLS to relate each immune defense mechanism to mean
colony size of the sampled bumblebee species (extracted from
literature; Table S1).

Third, we investigated a general link in the expression
of internal and external immune defense with condition we
additionally tested for associations between external LLA and
AMP activity, between internal LLA and external AMP, as well
as all between four immune defense traits and fat content relative
to dry body weight fitting PGLS.

Total fat content was significantly positively correlated with
initial dry body weight (PGLS: estimate = 0.071, SE = 0.013,
R2 = 0.72, t = 5.620, p < 0.0001) and body size (PGLS:
estimate= 0.041, SE = 0.006, R2 = 0.79, t = 6.749, p <

0.0001). However, body condition (fat content relative to dry
body weight) did not correlate with body size (PGLS: estimate
= −0.042, SE = 0.046, R2 = 0.07, t = −0.915, p = 0.38).
Initial dry body weight was significantly positively correlated
with body size (PGLS: estimate= 0.547, SE = 0.030, R2 = 0.96,
t= 18.017, p < 0.0001).
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RESULTS

Presence-Absence External vs. Internal
Immune Activity
Female Groups
Overall, the three different types of queens and workers
significantly affected the proportion of individuals showing
internal or external LLA (LME: X2 = 13.304, df = 3, p < 0.01)
(Figure 1A), but not AMP activity (LME: X2 = 2.760, df = 3,
p = 0.43) (Figure 1B). Young queens and workers showed the
highest proportions of LLA expression and young queens had
a significantly higher proportion of individuals expressing LLA
than overwintered queens (Tukey comparison: p < 0.01).

Species
Overall, we found that species significantly varied in the
proportion of individuals expressing LLA (LME: X2 = 31.740,
df = 13, p < 0.01) (Figures 2A,B) and AMP activity (LME:
X2 = 59.715, df = 13, p < 0.001) (Figures 2C,D). Two
species comparisons showed significantly different proportions
of individuals expressing LLA (B. pratorum vs. B. lucorum and
B. pratorum vs. B. sylvarum: Tukey comparisons: p < 0.05; all
other Tukey comparisons p > 0.05). For LLA the proportion of
individuals expressing internal or external immunity depended
on the species (LME: X2 = 27.961, df = 13, p < 0.01), whereas
for AMP activity it did not matter (LME: X2 = 14.566, df = 13,
p= 0.34).

External vs. Internal Immune Defense
Significantly fewer individuals expressed external (40 ± 24%)
than internal LLA (67 ± 8%, mean ± sd) (LME: X2 = 63.545,

df= 1, p < 0.001) (Figure 1A), whereas significantly more
individuals expressed external (65 ± 12%) than internal AMP
activity (39 ± 5%) (LME: X2 = 76.623, df = 1, p < 0.001)
(Figure 1B). Further, the probability of showing internal or
external LLA depended on the female group (LME: X2 =

31.340, df = 3, p < 0.001). Cuckoo and overwintered queens
showed a bigger difference in the proportion of external vs.
internal expression of LLA (25 ± 19 vs. 73 ± 18% and 19
± 15 vs. 67 ± 28%, respectively) than young queens and
workers (73 ± 20 vs. 57 ± 33% and 45 ± 19 vs. 73 ±

9%, respectively) (Figure 1A). Interestingly, only young queens
showed a higher proportion of external than internal LLA
(Figure 1A). The proportion of individuals expressing external
or internal AMP activity did not depend on the female group
(LME: X2 = 3.590, df = 3, p = 0.31). For AMP activity,
young queens and workers showed a bigger difference between
external and internal immune defense expression (82 ± 16
vs. 41 ± 24% and 67 ± 20 vs. 44 ± 12%, respectively) than
cuckoo and overwintered queens (54 ± 34 vs. 31 ± 27% and
60 ± 32 vs. 39 ± 38%, respectively) (Figure 1B). Approximately
8% (26 out of 342) of the sampled bumblebees showed no
measurable LLA and AMP activity in both internal and external
immune defense.

Effects of Body Size and Condition
Neither body size (LME: LLA: X2 = 2.254, df= 1, p= 0.13; AMP
activity: X2 = 0.07, df = 1, p = 0.79) nor fat content relative to
dry body weight (LME: LLA: X2 = 1.242, df = 1, p = 0.27; AMP
activity: X2 = 1.527, df = 1, p = 0.22) affected the probability of
constitutively expressing an immune defense.

FIGURE 1 | Proportion of individuals showing constitutive expression of (A) LLA and (B) AMP activity for both internal (hemolymph) and external (venom) immune

defense for each female group. Positive tests for internal immune defense are shown in light gray and for external immune defense in dark gray. Bars give mean

proportions with error bars representing one standard error and black circles give the proportion for each species in a female group.
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FIGURE 2 | Proportion of individuals showing constitutive expression of (A) internal and (B) external LLA and (C) internal and (D) external AMP activity for each

species. Positive tests for parasitic species are shown in light gray and for eusocial species in dark gray. Bars give mean proportions with error bars representing one

standard error.

Strength of Constitutive External vs.
Internal Immune Activity
Female Group
Overall, the different types of queens and workers significantly
affected LLA (LME: X2 = 14.160, df = 3, p < 0.01) (Figure 3A)

and AMP activity (LME: X2 = 108.886, df = 3, p < 0.001)
(Figure 3B). Young queens showed the highest LLA followed
by workers overwintered queens and cuckoo queens (Tukey
comparison: young vs. overwintered queens: p < 0.05 and young
queens vs. workers: p < 0.01 (Figure 3B). All female types
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FIGURE 3 | Mean constitutive expression of (A) LLA as units of lysozyme per µl and (B) AMP activity as zone area in mm2 relative to body size (immune activity

divided by radial cell length in mm) for both internal (hemolymph) and external (venom) immune defense for each female group. Internal immune defense is given as

filled light gray circles and external immune defense as dark gray circles. Error bars represent one standard error and open light gray circles show immune activity for

each species in a female group.

differed from each other in their expression of AMP activity
(cuckoo vs. overwintered queens: Tukey comparison: p < 0.05,
all other pairwise Tukey comparisons: p < 0.001).

Species
Overall, LLA showed a similar pattern across species (LME: X2

= 5.585, df = 13, p = 0.96) (Figure 4A), whereas AMP activity
significantly varied between species (LME: X2 = 52.194, df = 13,
p < 0.001) (Figure 4B and Table S5).

External vs. Internal Immune Defense
External LLA was significantly lower than internal LLA (LME:
X2 = 16.470, df = 1, p < 0.001) (Figure 3A), whereas external
AMP activity was significantly higher than internal AMP activity
(LME: X2 = 344.375, df= 1, p < 0.001) (Figure 3B). Further, the
strength of external and internal AMP activity depended on the
female group (LME: X2 = 8.409, df= 3, p < 0.05).

Young queens expressed roughly 10 times higher and workers
eight times higher external than internal AMP activity, whereas
cuckoo and overwintered queens showed only five and four
times higher external than internal AMP activity, respectively
(Figure 3B). Young queens showed the highest external LLA
(194.14 ± 93.60 mm2 relative body size) followed by workers
(130.21 ± 71.30 mm2 relative body size), overwintered queens
(30.73 ± 22.20 mm2 relative body size) with cuckoo queens
having the lowest external LLA (17.50 ± 12.60 mm2 relative
body size) (Figure 3A). However, internal LLA followed a similar
pattern, indicating that the difference between external and

internal LLA is not related to female group (LME: X2 = 1.536,
df= 3, p= 0.67) (Figure 3A).

Effects of Body Size and Condition
Neither body size (LME: LLA: X2 = 1.028, df= 1, p= 0.31; AMP
activity: X2 = 0.196, df = 1, p = 0.66) nor fat content relative to
dry body weight (LME: LLA: X2 = 0.001, df = 1, p = 0.98; AMP
activity: X2 = 1.731, df = 1, p = 0.19) (Figure S9) affected the
expression of an immune defense.

Colony Size and Immune Defense
Mean colony size was neither correlated with LLA (Pearson’s
product-moment correlation: external: R2 = −0.33, z = −1.660,
p = 0.11; internal: R2 = −0.10, z = −0.51, p = 0.62) nor
AMP activity (Pearson’s product-moment correlation: external:
R2 =−0.08, z = −0.39, p = 0.70; internal: R2 = −0.22,
z=−1.086, p= 0.29) (Figure S8).

Internal immune defense is given as filled light gray circles
and external immune defense as dark gray circles. Error bars
represent one standard error and open light gray circles show
individual immune trait expression.

Associations of Internal and External
Immune Defense With Body Condition
Overall, we found no association between external and internal
immune defenses neither for LLA (PGLS: estimate = 0.709,
SE= 0.834, R2 = 0.06, t = 0.850, p = 0.41) (Figure S9A) nor
for AMP activity (PGLS: estimate = 0.048, SE = 0.031, R2 =

0.16, t= 1.522, p = 0.41) (Table S3, Figure S9B). There was also
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FIGURE 4 | Mean constitutive expression of (A) LLA as units of lysozyme per µl and (B) AMP activity as zone area in mm2 relative to body size (immune activity

divided by radial cell length in mm) for both internal (hemolymph) and external (venom) immune defense for each female group and species.

no link between external AMP activity and internal LLA (PGLS:
estimate = 0.002, SE = 0.002, R2 = 0.09, t = 1.091, p = 0.30).
Finally, none of the four immune defense measures was related to
fat content relative to body weight (PGLS: external LLA: estimate
= −0.001, SE = 0.001, R2 = 0.32, t = −1.813, p = 0.11; internal
LLA: estimate= 0.001, SE= 0.001, R2 = 0.03, t= 0.494, p= 0.64;
external AMP: estimate = −0.027, SE = 0.079, R2 = 0.02, t =
−0.345, p = 0.74; internal AMP: estimate = −0.010, SE= 0.012,
R2 = 0.09, t=−0.819, p= 0.44) (Table S3, Figure S9).

DISCUSSION

We could show that the constitutive expression of LLA was
more prominent internally than externally and constitutive
AMP activity was the main component of a potential external
immune defense. The presence of an external immune defense
and its degree of expression was highest in young queens and
workers, indicating differences in the investment in internal and
external immunity among the tested female groups. Also, the
difference between internal and external immunity was largest in
young queens and workers, indicating a greater importance of
external immune defenses in those female groups. While species
showed very similar patterns of external and internal LLA and
internal AMP activity, external AMP activity differed between
species. The drivers of such variation remain unknown, but
we speculate that this might be related to the ecology of the
species, i.e., variation in pathogen prevalence due to different
nest sites (Fussell and Corbet, 1992) or pathogen prevalence in
combination with population density and genetics (Whitehorn
et al., 2011). We could not find any relationship between internal
and external immune defense, which might be due to the fact
that we measured constitutive expression of immune defense.

Further, fat content relative to dry weight seems not to be related
to the constitutive expression of immune defenses and neither
does body size.We think that an investigation of induced internal
immune defensesmight addmore information on the connection
between external and internal immune defenses, and also the
importance of fat reserves.

Variation in External and Internal Immune
Defenses Among Female Groups
Cuckoo queens and overwintered queens less often showed
constitutive expression of external immunity and its activity was
also rather low in comparison to young queens and workers.
These findings might be explained by the fact that cuckoo and
overwintered queens have spent considerable resources to survive
the winter and then in spring need to invest into reproduction,
which is traded-off against immune defense (Sheldon and
Verhulst, 1996; Råberg et al., 1998; Schwenke et al., 2016).
Bumblebee queens lose over 25% of their body mass over
hibernation (Brown et al., 2003). In comparison to overwintered
queens, young queens and workers might have more resources
to spend on external immune defenses as they do either not
immediately reproduce or do not reproduce at all. In addition,
it may be more important for individual workers to be able
to defend the colony against enemies and pathogens than just
itself. The reduction in immunity of overwintered queens might
partly represent an age effect. Immunity decreases with age
in several insect species, including bumblebees (Doums et al.,
2002; Whitehorn et al., 2011), honeybees (Laughton et al., 2011),
stingless bees (Ravaiano et al., 2018), mosquitoes (Hillyer et al.,
2005), and crickets (Adamo et al., 2001). Probably also related to
age, in the honeybee Apis mellifera, the composition of venom
between queens and workers differs (Baracchi and Turillazzi,
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2010). Baracchi and Turillazzi (2010) also found differences in the
peptide composition of honeybee venom, depending on the task
of an individual in the colony, i.e., queens, nursing, and foraging
workers. For example, the venom of honeybee queens contains
a smaller number of different AMPs than the venom of workers
(Baracchi and Turillazzi, 2010). Whether such differences in the
composition of venom might affect the variation in external
immune defense across the female groups of the different
bumblebee species would need to be investigated further.

Young queens had an almost 10 times higher external AMP
activity than overwintered queens. In contrast, honeybees reduce
immune gene expression over winter (Steinmann et al., 2015).
However, honeybees overwinter in colonies and do not hibernate
like bumblebees. Probably in preparation for hibernation young
queens invest in external immunity similar to the paper wasp
Polistes dominulus where females spread their venom within
hibernation sites to protect themselves from bacteria during
hibernation (Turillazzi et al., 2006). An increased antibacterial
activity of the venom might be useful for a better protection.
However, we are not aware of any accounts of bumblebee queens
using their venom in such a way.

Workers showed stronger external immune defense than
overwintered queens. In addition to the effects mentioned above
reducing the immunity of an overwintered queen, it could well be
that workers increase external immunity to protect the brood and
the nest site and to be prepared for the encounter with pathogens
when foraging. Higher workload in workers, however, leads to
a reduced encapsulation response (König and Schmid-Hempel,
1995; Doums and Schmid-Hempel, 2000).

Interestingly, cuckoo queens had the lowest external as well as
the internal immune defense of all female groups. Cuckoo queens
might not have to invest in immunity as much as overwintered
queens, who might need to keep their brood protected from
microbes and pathogens during colony foundation. The basis for
a potentially lower immune investment in the parasitic compared
to the eusocial life-history strategy might be investigated further
by monitoring the immunity of cuckoo and overwintered queens
over time. We expect the investment in the external immune
defense of cuckoo queens not to change once a nest has
been taken over. Mainly, because the usurped nest should
already contain workers that most likely already protect the
nest site. However, overwintered queens have to establish a new
colony. Similar to ant queens, we expect bumblebee queens to
upregulate external immune defenses once a nest site has been
identified to provide protection for the first brood (Tragust et al.,
under review).

Variation in External and Internal Immune
Defense Across Species
Species differed in the presence of potential external immunity
but varied mainly in the expression of external AMP activity.
The pattern for external and internal LLA expression was similar
across species and for the differences between female groups
within species. For internal LLA, we expected this because LLA
is part of the constitutive immune defense and has a rather broad
range. The extent of LLA was comparable to LLA in hemolymph
of honeybees, the only other hymenopteran where LLA has been
measured so far (Dickel et al., 2018).

External AMP activity expression varied across species. We
found most differences in external AMP activity among the
eusocial species and between eusocial and parasitic species.
Cuckoo species showed almost the same extent of external and
internal immune defense. Therefore, the investment in external
immune defenses seems more based on life-history strategies
and characteristics than on species. Even though species differed
overall in their AMP activity, the pattern between the female
groups was relatively similar in each species. Young queens
and workers had a higher potential external immune defense
than cuckoo and overwintered queens. Only in one of the nine
eusocial species, i.e., B. lapidarius, all female groups had similar
external AMP activity. We take this as an indication that life-
history strategy and characteristics have a greater impact on
the expression of external immunity than ecological or genetic
differences between species.

Effect of Fat Reserves, Body Size, and
Colony Size on External and Internal
Immune Defenses
Neither fat reserves nor body size were correlated to immunity
or had any effect on it. The differences between female groups
or species do not seem to be explained by these two covariates.
Similarly, body size had no effect on encapsulation response in
B. terrestris (Schmid-Hempel and Schmid-Hempel, 1998) and
melanization through the phenoloxidase pathway in the dung
fly Scathophaga stercoraria (Hosken, 2001). One interpretation
of this finding would be that organisms can compensate
for the extra demand by increasing the intake of resources
(Schmid-Hempel, 2003). Higher fat reserves were not associated
with higher internal and potential external immune defense
across the different life-history strategies and characteristics.
However, all species showed a similar proportion of fat content,
even across life-history strategies and characteristics. Although
somehow surprising this finding might suggest that the costs
of constitutively expressed immunity are maintenance costs.
Such costs would only be visible if variation in the selection
for the maintenance of an immune defense varied between
species. Therefore, further studies should experimentally test the
condition-dependence of external immunity by manipulating
diet and/or by immune challenge similar to Moret and Schmid-
Hempel (2000).

Even though cuckoo species showed lower immunity than
eusocial species, colony size across eusocial species was neither
correlated with internal nor with potential external immune
defenses. Baracchi et al. (2012) suggested a threshold for a degree
of sociality or a sufficient number of individuals in a society
to be reached before an efficient collective immunity serves as
a mechanism of disease resistance. Bumblebee societies might
have already reached such a threshold. It would be interesting
to study the colony size continuum in connection to immunity
across a larger range of taxa, including ants, wasps, bees, and
probably termites.

Conclusion
In conclusion, internal immunity was similar across life-
history strategies and characteristics and species while potential
external immune defense varied across the life-history strategies,
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characteristics and species. In general, the venom could serve
as a potential external immune defense, but whether or not
bumblebees use it, will have to be investigated further. The
detection of antimicrobial components in the nest material or
hibernation sites, on eggs or brood, or the body surface of
bumblebees, as for other insects (e.g., ants, bees, and wasps),
could provide evidence for the use of venom as external immune
defense. Venom might not be the only component of external
immune defense in bumblebees. Therefore, future work will need
to incorporate other exocrine glands, such as the mandibular,
salivary or Dufour’s gland (Ayasse and Jarau, 2014) as these
could also contain antimicrobial properties. We found no general
link between individual condition and immune defenses. Further
studies might find such links by altering either immune defense
traits or resource availability.
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