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Social immunization (SI) is a horizontal transfer of immunity that protects
naive hosts against infection following exposure to infected nestmates.
While mainly documented in eusocial insects, non-social species also share
similar ecological features which favour the development of group-level
immunity. Here, we investigate SI in Tenebrio molitor by pairing naive females
with a pathogen-challenged conspecific for 72 h before measuring a series
of immune and fitness traits. We found no evidence for SI, as beetles who
cohabited with a live pathogen-challenged conspecific were not better
protected against bacterial challenge. However, exposure to a heat-killed-
bacteria-challenged conspecific appeared to increase pathogen tolerance,
which manifested in differential fitness investment. Our results together suggest
that T. molitor do respond to immune-related cues in the social environment,
despite not showing a classic immunization response as predicted.

1. Introduction

Social insects are particularly vulnerable to pathogenesis owing to high popu-
lation density and homozygosity [1] and have developed additional protection
in the form of group-level social immune defences such as allogrooming and
shared antimicrobial secretions [2]. One such defence is social immunization
(SI), a horizontal transfer of immunity where social contact with infected
nestmates causes an immune upregulation in immunologically naive individuals,
enhancing their protection against the same parasite after secondary exposure [3].
Recent evidence for SIin Tribolium castaneum [4] suggests it may not be confined to
eusocial insects. Despite selection acting primarily through direct fitness in non-
social insects [5], SI should benefit conspecifics in highly connected populations
[6] and group-level defences could evolve provided fitness benefits outweigh
the costs for the acting individual. Empirical data testing these predictions are
warranted.

Here, we examine SI in Tenebrio molitor L. (Coleoptera: Tenebrionidae),
which live in large groups within permanent food stores: factors predicted
to favour the development of external defences [7]. Immune stimulation is
known to alter signalling pheromones in this species [8,9], and females can dis-
criminate between healthy and immune-challenged males [8—-10]. We measure
the effect of cohabitation with a pathogen-challenged conspecific on a series of
immune and fitness traits [11] in otherwise immunologically naive beetles.

2. Material and methods

(a) Insect maintenance

Final-instar T. molitor larvae (Live Foods UK) were maintained under standard labora-
tory conditions [12,13] and sexed, weighed and isolated upon pupation. Upon
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eclosion, imagoes were provided ad libitum food and water until
experimental treatment, 8—10 days later.

(b) Bacterial culturing

Staphylococcus aureus is a Gram-positive bacterium found in teneb-
rionid food stores [14], which is known to induce an immune
response in T. molitor [12]. A stock of erythromycin-resistant
S. aureus (strain SH1000) [12] was used to prepare inoculates (see
below and electronic supplementary material, §51), which ensured
repeatable selective culturing using antibiotic-infused medium
and excluded non-target bacteria from bacterial load estimates.
All inoculum doses were selected based on a preliminary survival
analysis (electronic supplementary material, S1).

() Experimental treatments

In two separate experiments, pairs of female beetles were housed
together in 50 mm Petri dishes for 72 h with ad libitum access to
food and water. Each pair consisted of one naive focal beetle and
one treated cohabitant (electronic supplementary material, S2).
In experiment 1, the effect of SI on immune traits in focal beetles
was compared using four cohabitant treatments, where cohabi-
tants either were injected with 2.5 x 10* colony-forming units
(CFU) of (i) live or (ii) heat-killed bacteria suspended in 5 .l ster-
ile PBS, (iii) were injected with 5 pl sterile PBS as a wounding
control, or (iv) received no treatment. Using live and heat-
killed bacterial treatments offered potential for both active
(immune upregulation through exposure to an infectious indi-
vidual) and passive (immune upregulation though transfer of
immune effectors from conspecifics) modes of SI [15]. After
72 h, focal beetles were assigned to either an antibacterial activity
or a survival assay (§2d). In experiment 2, the effect of SI on fit-
ness traits in focal beetles was compared using three cohabitant
treatments: (i) injection of 2.5 x 10° CFU of heat-killed bacteria,
plus the same (ii) PBS and (iii) no treatment controls. After
72 h, focal beetles had their fitness measured via reproductive
output and survival assays (§2e).

(d) Experiment 1

In vivo antibacterial activity assay: 76 focal beetles were injected
with 2.5 x 10° CFU of live bacteria and perfusion bled 8 h later
[12]. Haemolymph samples were plated onto erythromycin-
infused agar (to ensure recovery of the injected bacteria only)
and incubated at 37°C for 48 h, and CFUs enumerated using
OpenCFU [16] (electronic supplementary material, S3). Survival
assay: 126 focal beetles were injected with 5 x 10" CFU, provided
ad libitum food and water, and their survival monitored for
37 days. A further sample of 32 untreated, non-cohabited
beetles of the same age were also monitored as a control group
(electronic supplementary material, S2a).

(e) Experiment 2

Fitness assays: 224 focal beetles were injected with 2.5 x 10° CFU
of heat-killed bacteria; 224 remained unchallenged. All were sub-
sequently housed with an age-matched, unchallenged male and
allowed to mate for 24 h. Males were removed and females pro-
vided ad libitum food and water, and their survival monitored for
40 days (electronic supplementary material, S2b). Eggs were col-
lected and counted every 3 days, and egg-laying rate per beetle
calculated as (total egg count)/(lifespan in days). A subset of
three eggs from each collection was photographed to estimate
egg volume (electronic supplementary material, S4).

(f) Statistical analysis
All data were analysed in R [17]. We used a negative binomial gen-
eralized linear model for CFU counts using the mass package [18], a

linear model for egg-laying rates and a linear mixed-effects model n

(with beetle identity nested within day as the random term) for egg
volume measurements, using the nlme package [19]. Survival data
in both experiments were assessed using the Cox proportional
hazard regression using the survival package [20]. Focal beetle
pupal weight (closely correlated with adult weight and size in
holometabolous insects [21]) was included as a covariate in
models of CFU count data (F;7; =4.41, p=0.04; electronic
supplementary material, S5.1) and egg volume data (Fj 1261 =
8.62, p=0.003; electronic supplementary material, S5.9) as it
significantly improved their fit.

3. Results

(a) Experiment 1

Despite no overall effect of cohabitant treatment on haemo-
lymph antibacterial activity following live bacterial injection
of focal beetles (F37 =1.41, p=0.246; figure 1la), there
appeared to be some impairment of bacterial clearance by
heavier beetles when cohabitants had been treated with heat-
killed bacteria (electronic supplementary material, S5.3).
There was an overall effect of cohabitation treatment on focal
beetle survival after live bacterial injection (x5 = 10.49, p =
0.02; figure 1b; electronic supplementary material, S5.4 and
55.5), driven by lower survival in those cohabiting with live-
bacteria-challenged individuals compared with those whose
cohabitants were wounded (z=-3.12, p =0.01; figure 1b;
electronic supplementary material, S5.6).

(b) Experiment 2

There was no overall effect of cohabitant treatment on egg-
laying rate of focal beetles (F,215=0.07, p=0.936), but
focal treatment was important (F; 215 = 14.13, p < 0.001; elec-
tronic supplementary material, S5.7), an effect primarily
driven by a difference in egg-laying rate in those cohabiting
with a wounded beetle (figure 24; electronic supplementary
material, S5.8). By contrast, there was an interaction between
cohabitant treatment and focal treatment on egg volume
(F2,416 = 11.43, p < 0.001; figure 2b; electronic supplementary
material, S5.9), driven mainly by a difference in egg volume in
focal beetles cohabiting with heat-killed-bacteria-challenged
beetles (figure 2b; electronic supplementary material, S5.10).
There were no differences in survival between any of the
treatment groups (electronic supplementary material, S5.12
and S5.13).

4. Discussion

We found no evidence in this study for SI'in T. molitor, as focal
beetles were no better protected against a live bacterial chal-
lenge following exposure to a conspecific challenged with the
same pathogen. However, differences in immune and fitness
traits between focal beetles housed with bacterially challenged
and healthy conspecifics suggest that T. molitor do respond to
immune-related cues in the social environment, but not in a
way we predicted. Longevity of focal beetles after live bacterial
challenge was reduced following social exposure to the same
live bacteria, which, considering that haemolymph antibacterial
activity in these beetles was not impaired, suggests a trade-off
between resistance and longevity. However, longevity of focal
beetles was maintained when their cohabitant was challenged
with heat-killed bacteria, suggesting this group of beetles
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Figure 1. Results from experiment 1: (a) bacterial clearance (mean + s.e. Staphylococcus aureus colony forming units (CFUs) recovered from haemolymph 8 h post-
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Figure 2. Results from experiment 2: effect of cohabitant treatment on mean =+ s.e. (a) Egg-laying rate and (b) egg volume from focal beetles either before (none)
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were better able to tolerate a live bacterial challenge [11]. Social
exposure to an immune-challenged conspecific also appeared
to alter reproductive investment by inducing production of
larger eggs, an effect that was reversed when the egg-producer
was itself immune-challenged, suggesting further trade-offs
between tolerance and fitness in this species.

Although physical interactions between hosts can result
in parasite transmission [15], most bacterial infections occur

via oral uptake [1]. Focal beetles cohabiting with a live-
bacteria-challenged conspecific may have contacted S. aureus
by ingesting food contaminated with bacteria from excreta;
bacteria in the haemolymph have been shown to colonize the
insect gut [22]. Immune activation has been shown to incur sur-
vival costs, and challenge with a live pathogen is likely to inflict
costs through pathological damage [23]. Impaired survival
may therefore be explained by considering post-cohabitation
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challenge as a secondary infection with additive or synergistic
negative effects for an already-immunocompromised host;
infective bacteria have been recovered from T. molitor haemo-
lymph up to 21 days after initial infection [12], meaning
that secondary challenge could have resulted in multiple infec-
tion. Alternatively, survival costs could be a consequence of
illness-induced anorexia during cohabitation [24], as nutri-
tional stress from fasting can have comparable effects to
infection on fitness traits in tenebrionids ([25]; electronic
supplementary material, S1).

In contrast to those exposed to live-bacteria-challenged
conspecifics, focal beetles cohabiting with heat-killed-bacteria-
challenged individuals appeared to exhibit some impairment
of haemolymph antibacterial activity (an effect that was
weight-dependent; electronic supplementary material, S5.1),
yet their survival was not impaired in the same way. These bee-
tles may have contacted non-viable bacterial fragments via the
excreta of cohabitants, such as the bacterial cell wall com-
ponents lipopolysaccharide and peptidoglycan which can be
highly immunogenic in T. molitor [13,26], or responded to modi-
fications of the cohabitant cuticular hydrocarbon profile which
are known to occur during immune stimulation in T. molitor [9].
Whatever the mechanism, heavier beetles appeared to better
tolerate infection by preserving survival without clearing the
pathogen as effectively [11], suggesting that larger individuals
can better afford to invest in tolerance strategies [26].

Host tolerance allows an organism to protect itself from
pathogens by reducing negative impacts on fitness [11], and
females are predicted to invest in survival strategies which
preserve the capacity for continued reproduction [11,27]. In
line with this prediction, we found that egg-laying rate was
not negatively impacted by cohabitation with heat-killed-
bacteria-challenged individuals. Indeed, egg-laying rate was
only impeded when focal beetles cohabited with wounded
beetles and were themselves challenged with bacteria.
However, fitness investment was augmented by exposure
to bacteria-challenged conspecifics as it led to production of
larger eggs in unchallenged focal beetles, but relatively smal-
ler eggs when the focal beetle was bacterially challenged
itself. Egg size does not always predict egg quality [28], but
immune-challenged female T. molitor are known to transfer
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