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Abstract
Immune response is evolutionary costly, but it is not clear whether these costs affect energetic expenditure (short-term cost),
growth (medium-term cost), or reproduction (long-term cost).We tested the costs of immunememory in Tenebrio molitor against
Metarhizium brunneum. To do this, we used two groups of T. molitor larvae: (a) the control group, which was injected first with
Tween solution and 10 days later withM. brunneum and (b) the memory group, which was first injected withM. brunneum and
10 days later withM. brunneum. Compared to controls, larvae of the memory group were more likely to survive, but they also had
an increased metabolic rate (CO2 production), spent a long time before becoming pupae, and had a shorter time from pupae to
adulthood. In the adult stage, control females preferred control males, but there was no significant difference in the preference of
memory females. Finally, control and memory males preferred control females. These results confirm that immune memory has
costs in terms of energetic expenditure, growth, and reproduction. To the best of our knowledge, this is the first experimental
demonstration that immune memory in larvae is traded-off with adult sexual selection involving mate choice.

Keywords Immunememory . Life history . Trade-offs . Reproduction .Mate choice .Metabolic rate

Introduction

The immune response is a double-edged sword. On the one
hand, immune response is key for animals when combating
pathogens, parasitoids, and parasites (here referred to as para-
sitism) and favors the survival of the host (Schmid-Hempel

2011). On the other hand, the deployment and maintenance of
immune responses are costly (Lawniczak et al. 2007). Theory
predicts costs associated with immune memory within and
across generations (Tate and Rudolf 2012; Best et al. 2013;
Tate 2016; Contreras-Garduño et al. 2016). However, most
studies have tested these costs across generations (i.e., Roth
et al. 2009; Sadd and Schmid-Hempel 2009; Zanchi et al.
2011; Trauer and Hilker 2013; Dhinaut et al. 2018), and only
a few have tested them within generations (Lopez 1998;
Contreras-Garduño et al. 2014; Khan et al. 2019). The cost
of immune memory within generations could be explained
through life history theory. This theory proposes that organ-
isms cannot invest their resources in maintenance, develop-
ment, and reproduction at the same time because they all are
costly (Stearns 1989, 1992, 2000). However, as far as we
know, the hypothesis that investment in immune memory
could be costly in terms of energetic expenditure (short-term
cost of maintenance), reduced growth (medium-term cost),
and reproduction (long-term cost) remains unexplored.

Evolutionary biologists have challenged the central and
unique role of immune memory in vertebrates because im-
mune memory not only occurs in vertebrates but also inverte-
brates (Kurtz and Franz 2003; Little and Kraaijeveld 2004;
Milutinović and Kurtz 2016; Contreras-Garduño et al. 2016;
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conidia/μL of M. brunneum (strain Ma10GFP), which killed
approximately 50–60% (LD 50–60) of the larvae in the ab-
sence of immune priming. We used LD 50–60% to guarantee
larval survival until adulthood. We confirmed the dose of the
pathogen before each injection.

In all the experiments carried out with the memory group, the
first challenge was done with mCherry because its red fluores-
cence allowed us to confirm the infection. Under a fluorescence
microscope, it is possible to confirm both the clearance of the first
infection before the second challenge with the strain that shows
green fluorescence (Ma10GFP) and the death of the animals as a
result of the second challenge in the absence of the first challenge
(Castro-Vargas et al. 2017). Under a fluorescence microscope
(Zeiss Axioscope 5), our pilot experiments showed no signs of
infection with mCherry after 9 days of infection (n = 20), before
inoculation with 50 conidia/μL of Ma10GFP. Ten days after the
second challenge, under a fluorescence microscope (Zeiss
Axioscope 5), we confirmed that insects died only due to
Ma10GFP (n = 20).

Given that infection or parts of the parasite persist for a
long period inside the host (Freitak et al. 2014; Knorr et al.
2015; Duneau and Lazzaro 2018), in another pilot experiment,
we confirmed the absence of the second infection over a long
period. Using a fluorescence microscope (Zeiss Axioscope 5),
we corroborated infections by the Ma10GFP strain outgrowth
detection for 20 days after the second challenge and were not
infected with the mCherry strain (n = 20).

We recorded survival after the second challenge every day
for 10 days to measure the benefit of immune priming
(memory) (Castro-Vargas et al. 2017; Medina-Gómez et al.
2018a). Following the treatments, the larvae were maintained
individually in 6-well plates (Corning) inside an environmen-
tal chamber at 27 ± 0.5 °C and with food (Lumistell ICP-55).

Cost I: metabolic rate

We challenged T. molitor with M. brunneum according to
Castro-Vargas et al. (2017). We recorded the resting metabolic
rate in individual larvae by measuring CO2 production (VCO2

ppm) with the equipment Q-Box RP1 LP and the low range
respirometry package (Qubit Systems Inc). Because stress and
manipulation may affect the metabolic rate (Ardia et al. 2012;
Krams et al. 2014), each larva was introduced to a container
(3.8 cm diameter × 20 cm tall) in darkness for 5 min for
habituation. The container was connected to the respirometer
and a computer. The production of CO2 by an individual larva
was recorded every 30 s for 5 min, and we reported the mean
value per larvae (Li et al. 2016).

To test if immune activation and not immune memory may
enhance the CO2 production, we carried out another experi-
ment. In this second experiment, we recorded and compared
the CO2 production (VCO2 ppm) in three groups. The first
group was challenged with Tween 80 (0.01%) and served as

the control group for injection. Another group was injected
with 5 conidia of M. brunneum (strain mCherry) diluted in 1
μL of Tween 80 (0.01%). The third group was injected with
200 conidia of strain mCherry diluted in 1 μL of Tween 80
(0.01%). The comparison of the CO2 production after a first
challenge with the CO2 production after the second challenge
allowed us to compare the cost of immune activation with the
cost of immune priming (i.e., immune memory) in terms of
CO2 production.

Wemeasured CO2 production (VCO2 ppm) 24 or 96 h after
the immune challenge. The peck of activation of immune
response is reached about 24 h after challenge (Haine et al.
2008; Johnston et al. 2014), and it would be more likely to
detect a cost in metabolic rate. The time of 96 h was a control
for time because molecular changes have been reported during
immune priming at 24 but not at 96 h (Castro-Vargas et al.
2017). Hence, it was more likely to identify a cost inmetabolic
rate at 24 but not 96 h.

Cost II: developmental costs

After the second challenge, we recorded the number of days
that it took each larva to reach the pupal stage, and then we
recorded the time between pupal stage to adults.

Cost III: reproductive costs

We conducted mate choice trials when the individuals of
T. molitor had reached their 12th day of life. Adults of this
species begin reproduction at approximately 7 days (Tschinkel
et al. 1967), but the peak of sexual maturity and pheromone
production is reached at approximately 10–12 days (Tschinkel
et al. 1967; Cole et al. 2003).We conducted focal observations
in an arena that consisted of a central container with two
smaller containers attached to the outside walls (Kivleniece
et al. 2010; Márquez-García et al. 2016). A 12-day-old virgin
female was placed in the central container and one 12-day-old
virgin male per treatment (memory or control) was placed into
a smaller container. All the containers had small holes to allow
the pheromones to pass through the chambers and enable fe-
males to receive the males’ pheromones (Kivleniece et al.
2010). This procedure was carried out with a focal female
from the memory or control experiment or a control or mem-
ory male. We left both males and the virgin female in the
containers for 5 min to be habituated and to produce and smell
the pheromones. Then, we released the females out of their
containers to allow them to choose a mate (Fig. 1a). All trials
consisted of 10 min of focal observations in which female or
male preference was evaluated according to the time spent in
the enclosure of the opposite sex: a greater amount of time in
the cage indicates greater preference (Rantala et al. 2002;
Krams et al. 2015; Márquez-García et al. 2016). In all trials,
we controlled for age and size of potential male or female
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partners although odor is the only form of communication
during mate choice in T. molitor because pheromones cause
mate aggregation (Fig. 1b; Tanaka et al. 1986; Rantala et al.
2002, 2003a, b; Carazo et al. 2004; Bryning et al. 2005;
Vanderwel et al. 2017).

Although our pilot experiments revealed that larvae elimi-
nateM. brunneum after the second challenge, it was still pos-
sible that some males or females that did not escape from
infection could carry out a terminal investment strategy and
be more preferred than control males (Rantala et al. 2002,
2003a, b; Sadd et al. 2006; Vainikka et al. 2007; Nielsen and
Holman 2012; Krams et al. 2011, 2015). We attempted to rule
out this potential problem by testing first whether females
preferred control males over males infected with
M. brunneum (strain mCherry). In this experiment, males
were either injected with Tween or with 200 conidia/μL of
M. brunneum (mCherry). Then, both male types were offered
to healthy females, and they chose a mate, and by using a
similar procedure of mate choice as that described above, we
determined whether females preferred infected over healthy
males.

Statistics

Survival after feeding was evaluated with the Kaplan–Meier
estimator. To compare the rate of survival between control and
priming groups, we first calculated the proportional risk of

death and then used the log-rank test. To evaluate the costs
of immune memory on CO2 production after the first chal-
lenge, we used ANOVA because the data fit the criteria of
variance homogeneity and normality required for the test. To
compare the CO2 production between the control and memory
groups, we used Student’s t test without assuming equal var-
iances. We used Student’s t tests that do not assume equal
variances to compare larval and pupal development because
the data fit the criterion of normality. Finally, we used paired t
tests to analyze mate choice because each sex chooses be-
tween a control or experimental (memory) potential partner.
All tests were conducted in IBM SPSS ver. 20. For all mea-
sured variables, we provide mean ± standard error. We con-
trolled for sample size in all experiments by matching insects
of similar sizes.

Results

Benefit of immune priming: survival

Individuals from the memory group (n = 276) were more
likely to survive than individuals from the control group (n
= 276; log-rank test = 24.06; p < 0.0001; Fig. 2).

Cost I: metabolic rate

Given that this is the first time that the metabolic rate has been
compared during immune priming, we recorded CO2 produc-
tion after the first and second challenge to determine the cost

Fig. 1 Behavioral tests in which females of Tenebrio molitor evaluated
two male options. In a is shown a female within the cage of the preferred
male. In b, we show that cages have holes to allow the insects to smell
each other

Fig. 2 It was more likely for larvae of Tenebrio molitor in the memory
group to survive for a greater number of days than larvae of the control
group. Sample sizes are provided in the results section
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of immune activation (control of injection with Tween), the
cost of being infected with M. brunneum (200 conidia/μL),
and the cost of immune memory (memory vs control groups).

Although immune activation (injection with Tween) result-
ed in the lowest CO2 production (2.98 ± 0.25, n = 20), no
differences were found between the challenges with 5 (6.06
± 0.51, n = 20) or 200 (6.02 ± 0.52, n = 20) conidia/μL (F =
13.94, d.f. = 2, p < 0.0001; Fig. 3a). This shows that the
metabolic rate in terms of CO2 production increased for 51%
after 24 h of the immune challenge with M. brunneum.
However, after 96 h of immune challenge, no differences were
found in CO2 production (Tween: 4.6 ± 0.7, n = 20; 5 conidia/
μL: 5.92 ± 0.91, n = 20; 200 conidia/μL: 4.95 ± 0.76, n = 20; F
= 0.66, d.f. = 2, p = 0.51). On the other hand, we observed an
increase of 18% inmetabolic rate in individuals in the memory
group (6.78 ± 0.48, n = 20) in comparison to those in the
control group (5.56 ± 0.33, n = 20) after 24 h of the second
challenge (t = − 2.01, d.f. = 33.62, p = 0.04; Fig. 3b).
However, no differences were found 96 h after the second
challenge (memory group: 6.43 ± 0.76, n = 20; control group:
6.9 ± 0.74, n = 20; t = 0.52, d.f. = 37.97, p = 0.6).

Cost II: developmental time

Insects in the memory group took more time (35.84 ± 0.2, n =
59) to reach the pupal stage than larvae in the control group

(32.75 ± 0.32, n = 59) after the second challenge (t = − 3.99,
d.f. = 174; p = 0.001; Fig. 4a). However, insects in the control
group remained longer in the pupal stage (10.24 ± 0.20, n =
30) than those in the memory group (8.47 ± 0.14, n = 30; t =
7.24, d.f. = 194; p = 0.001; Fig. 4b).

Cost III: mate choice

Control females preferred control males (202.37 ± 18.88, n =
44) over males of the memory group (132.57 ± 16.90, n = 44; t
= 2.38, d.f. = 44; p = 0.02; Fig. 5a). However, females in the
memory treatment did not prefer control males (204.89 ±
16.57, n = 44) over memory males (172.42 ± 13.51, n = 44;
t = 1.38. d.f. = 44; p = 0.17). Control males preferred control
females (215.43 ± 23.96, n = 42) over memory females
(101.69 ± 11.91, n = 42; t = 3.87, d.f. = 41; p = 0.001; Fig.
5b). Memory males preferred control females (183.69 ±
18.24, n = 42) over memory females (126.38 ± 17.97, n =
42; t = 2.22, d.f. = 41; p = 0.03; Fig. 5c).

Finally, results showed no significant difference in mate
choice between healthy males (193.40 ± 19.68; n = 60) and
males infected with mCherry (216.40 ± 19.91 s; n = 60; t =
0.82, p = 0.41). This suggests that immune challenge with
M. brunneum (200 conidia/μL) 3 h after challenge alone does

Fig. 3 CO2 production in larvae of Tenebrio molitor 24 h after a first
challenge with Tween or 5 or 200 conidia/μL ofMetarhizium brunneum
(a) or after a second challenge in the memory and control groups (b).
Sample sizes, mean, and standard error are provided in the results section

Fig. 4 Larvae of Tenebrio molitor in the memory group took more days
to reach the pupal stage (a) but fewer days to reach adulthood (b) than
larvae in the control group. Sample sizes, mean, and standard error are
provided in the results section
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not affect mate preference, so the potential differences in our
experimental setup could be due to immune priming
(memory) and not infection alone.

Discussion

We found that immune priming (immune memory) is a
double-edged sword. On the one hand, it favors survival
against pathogens. On the other hand, it reduces larvae devel-
opmental rate, increases resting metabolic rate, and reduces
the probability of accessing a mating partner. Our results cor-
respond with other studies that found that immune priming
favors survival (Contreras-Garduño et al. 2016; Milutinović
and Kurtz 2016) and with the few studies reporting costs of
immune priming within generations (Contreras-Garduño et al.
2014; Khan et al. 2019).

Immune priming studies carried out across generations
have shown that offspring of primed parents developed slower
than those of unprimed parents (Roth et al. 2009; Sadd and

Schmid-Hempel 2009; Zanchi et al. 2011; Trauer and Hilker
2013; Dhinaut et al. 2018), but here, we report that larvae
having undergone immune priming developed more slowly
than unprimed larvae. We propose that the consequence of a
slow developmental rate is that it can lead to a smaller size in
larvae, which may affect food competition (Trauer and Hilker
2013) and prompt larvae to cannibalism (Ichikawa and
Kurauchi 2009). Indeed, cannibalism affects the reproduction
of the colonies for T. molitor (Deruytter et al. 2019). In addi-
tion, if small larvae become small adults, they experience
costs in reproduction compared with larger adults (Koella
and Boëte 2002). Hence, T. molitor could try to compensate
reduced mating opportunities by accelerating development in
the pupal stage to reach the reproductive stage (Metcalfe and
Monaghan 2001). Such a compensatory strategy would ex-
plain why the pupae in the memory group developed into
the adult stage more rapidly than those in the control group.
Therefore, our findings suggest that insects undergoing im-
mune priming during the larval stage may show flexible de-
velopmental strategies, including a prolonged larval stage but
rapid pupal development to reduce the cost of low develop-
mental rate in the larval stage.

A previous study found that adults that invested fewer re-
sources in maintaining the immune response as larvae had
increased mating success in comparison to larvae that invested
more resources in maintaining the immune response
(Valtonen and Rantala 2012). Such investment during the ju-
venile period might also lead to severe repercussions in adult-
hood (Metcalfe and Monaghan 2001). However, regarding
immune memory, studies have focused on costs within the
youthful or adult periods. For example, in children vaccinated
against meningitis, the second vaccine (7 months after the
first) induced the number of B cells and antibodies almost
threefold (Rohner et al. 2008). Adult males of the fish
Poecilia reticulata with immune memory (dual challenges
against Gyrodactylus) proved to be more attractive to females
and court them more often than males in the control (sham)
group (Lopez 1998). This suggests that males that show im-
mune memory receive benefits rather than bear costs in terms
of mate choice. Other possible explanations are that (a) those
males are genetically more resistant to infection and are in
better condition than control males (Lopez 1998), (b) they
carry out terminal investment (Krams et al. 2015), or (c) they
invested in the short term at the cost of a second mating
(Stearns 1992). These hypotheses warrant further research.
However, to the best of our knowledge, here, we show for
the first time evidence that insects having developed immune
memory at the juvenile stage (due to exposure to a pathogen)
are less attractive to potential mates in the adult stage and that
this cost seems not to be due just to infection with
M. brunneum (see Materials and methods). We recognize that
more control or experimental groups are needed to disentangle
the costs of immune priming. For example, the use of naïve

Fig. 5. On the one hand, control females of Tenebrio molitor preferred
the control males more often than the memory males (a). On the other
hand, control (b) and memory (c) males preferred the control females
more often than the Memory females. Sample sizes, mean, and standard
error are provided in the results section.
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and Tween groups will show baseline development, CO2 pro-
duction, and mate choice to know how these attributes differ
in the control and memory groups. In addition, here, we did
not test the role of nonspecific memory vs. that of specificity.
For example, we should compare the cost in CO2 production
and mate choice using dual infections withM. brunneumwith
another dual infection but with Serratia marcescens in the first
challenge and M. brunneum in the second challenge or with
Tween and then M. brunneum (i.e., Medina-Gómez et al.
2018a).

In addition, highlighting the cost of immune memory in
terms of sexual reproduction here, we assume that the re-
sources that an individual has are limited. If a male or female,
in the larval state, had to invest more resources into immune
response, then as an adult, that individual will have fewer
resources to invest into characteristics that make it more at-
tractive to the opposite sex, such as the production of phero-
mones. We assume that immune response undergoes a trade-
off with sexual selection due to limited resources, but (a) an-
other attribute not related to sexual selection should also be
measured to ensure that the trade-off is only involved with
sexual selection (as in the heightened condition hypothesis;
Contreras-Garduño et al. 2008) and (b) the exact molecular
and physiological mechanisms should be disentangled.

The physiological basis of the cost of immune memory is
known. However, here, we show costs in terms of metabolic
rate. Costs in terms of metabolic rate in insects due to immune
activation with nylon monofilament have already been de-
scribed (Ardia et al. 2012), and our results are consistent with
these findings because the injection of Tween resulted in less
CO2 production than the injection of Tween plus the fungus.
This evidence suggests that immune challenge increases the
insects’ metabolic rate, but we also show that when control-
ling for the infection in the second challenge, the insects in the
immune priming group increased their metabolic rate by ap-
proximately 18%. We can only speculate that this increase in
addition to the increase inmetabolic rate due to infection alone
could prompt insects to face a long-term cost. Also, it is inter-
esting to note that after 96 h of infection, there was no differ-
ence in metabolic rate according to the first challenge and
immune priming. This difference in response between 24
and 96 h is very interesting because a previous study showed
differential methylation of ARN at 24 h but not at 96 h
(Castro-Vargas et al. 2017). An in-depth molecular analysis
will help to understand what molecular processes are occur-
ring during this period and indicate whether these changes
affect the costs and benefits of immune priming over medium
and long periods.

A novel result is that we show for the first timemutual mate
choice in T. molitor and that although sexual dimorphism in
immune priming has not been found in adults of T. molitor
(Castro-Vargas et al. 2017), we detected sexual dimorphism in
regard to mate choice as a function of the activation of

immune memory during the larval stage: females seemed to
suffer from higher costs than males because primed females
seemed to be less choosy than unprimed females.

We recognize that although we attempted to control for
potential behavioral differences, an in-depth study should be
carried out to know the involved molecules in such chemical
communication. Moreover, it would be interesting to study
mechanisms by which immune priming compromises mate
choice and, perhaps, the competition for mates.

Finally, we propose to examine whether the constant use of
immune memory during the juvenile stages (as a benefit of
natural selection) affects attributes of sexual selection in adults
(in vertebrates and invertebrates), because a reduction in re-
production could be the price that animals may pay for having
immune memory.
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