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Summary

1. In most animals, ageing is associated with a decline in immune function (immune senes-

cence). However, different components of the immune system seem to age differentially, and

many studies do not measure the ultimate fitness consequences of immune function after

infection. Previous work shows that immune function may be traded off with other fitness

components such as reproduction. It is possible that age alters the nature of these trade-offs,

particularly in conjunction with factors such as gender and mating that can also affect invest-

ment in immune function.

2. We tested the impact of age, sex and mating on post-infection survivorship in Tribolium

castaneum flour beetles, as well as the components of baseline constitutive innate immunity

and external (secreted) immune function in uninfected individuals. We also tested whether the

reproductive ability of uninfected females is traded off with immune function (baseline innate

and external immunity) and post-infection survivorship across age groups.

3. We found that age, sex and mating significantly affected immune components and infec-

tion outcome, although the magnitude and nature of the impact varied in each case. We

found that older beetles were more susceptible to infection by the pathogen Bacillus

thuringiensis even though major components of the constitutive innate immune defence

(antibacterial and phenoloxidase activity) remained unchanged or improved with age. Thus,

these aspects of innate immunity cannot explain the observed decline in post-infection

survival of older beetles. We did not find trade-offs between the reproductive ability of unin-

fected females and their immune function. In contrast to innate immunity, external immunity

showed an overall decline with age but was also affected by sex and mating. Finally, we show

that bacterial infection alters external immunity via complex interactions between age, sex

and mating status.

4. Our work uncovers novel interactions between age, sex and mating that can determine the

evolution and outcome of immunosenescence by affecting the time course of relative invest-

ment in different immune and fitness components.

Key-words: antibacterial activity, external defence, life history, phenoloxidase activity, repro-

ductive senescence, sexual dimorphism

Introduction

In animals, ageing is usually accompanied by a general

decline of immune function. Such age-related impairment

of the immune system (immunosenescence) increases sus-

ceptibility to infections and contributes to inflammatory

disease, leading to increased morbidity and mortality

(DeVeale, Brummel & Seroude 2004; Shanley et al. 2009).

However, different components of the immune system do

not age consistently across species, individuals and life

stages (e.g. reviewed in DeVeale, Brummel & Seroude

2004; Adamo 2004). Even in a well-studied model organ-

ism like Drosophila melanogaster, it is difficult to predict

the relationship between various immune components and

their combined impact on the ability to fight infections as

a function of age. Some studies indicate an age-associated

reduction in immune function: older flies had higher sur-

face and internal pathogen loads (Ren et al. 2007),

reduced haemocyte number and function (Horn, Leips &

Starz-Gaiano 2014), reduced antimicrobial peptide pro-

duction on infection with killed bacteria (Zerofsky et al.
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2005) and were more likely to die from infection (Rams-

den, Cheung & Seroude 2008). On the other hand, older

flies up-regulated various immune-related genes (Zou

et al. 2000; Pletcher et al. 2002; Landis et al. 2004). After

infection with live bacteria, older flies also increased

expression of antimicrobial peptide transcripts (Zerofsky

et al. 2005) and had lower pathogen loads (Khan & Pra-

sad 2013), suggesting an age-associated improvement in

immune function. However, bacterial load after infection

is not always correlated with survival (Corby-Harris et al.

2007). Finally, age had a variable impact on infection

clearance across different fly lines, indicating genetic vari-

ation for immune senescence (Lesser, Paiusi & Leips 2006;

Felix et al. 2012). While several genotypes improved their

ability to clear bacterial infection with age, others either

showed a decline or no change with age (Lesser, Paiusi &

Leips 2006). A similarly complicated picture emerges

across invertebrate species, for example in mosquitoes

(Ariani et al. 2014) and especially in social insects in

which community interactions and age-associated beha-

vioural shifts add to the complexity of immune senescence

outcomes (for a recent discussion, see Roberts & Hughes

2014).

What is the cause of the observed variation in compo-

nents of immune function and their outcome with senes-

cence? Broadly, variation in immune function has been

attributed to its substantial costs, generating life-history

and physiological trade-offs and leading to co-evolution

between specific hosts and parasites (Sheldon & Verhulst

1996; Kraaijeveld & Godfray 1997; Rolff & Siva-Jothy

2003; Schmid-Hempel 2003; Schmid-Hempel & Ebert

2003; Siva-Jothy, Moret & Rolff 2005; Ardia, Parmentier

& Vogel 2011). In many species, investment in reproduc-

tion is traded off with immune function (Richner, Christe

& Oppliger 1995; Gustafsson et al. 1997; Siva-Jothy,

Tsubaki & Hooper 1998; Verhulst, Dieleman & Parmen-

tier 1999). If age alters the costs and trade-offs associated

with each immune component, it might explain some of

the variation in immune senescence. For instance, young

individuals under strong selection to reproduce may maxi-

mize their reproductive investment by tightly regulating

immunity and minimizing investment in costly immune

functions. After reproductive senescence, weaker selection

on immune regulation may result in an age-related

immune activation due to misregulation. Different

immune functions are also known to trade off with each

other (Simmons & Roberts 2005; Cotter et al. 2008), and

individual investment in different immune components

may thus change with age. For instance, immune func-

tions requiring higher energetic investment should show

stronger trade-offs with reproductive fitness, and hence,

starker contrasts between young and old animals. Finally,

factors such as gender and reproductive status can deter-

mine the nature of trade-offs and investment in immune

function (Bateman 1948; Trivers 1972). Several studies

suggest that compared to females, males have lower

immunocompetence (Kurtz et al. 2000; Kurtz & Sauer

2001) and reduced survival after infection (Moret &

Schmid-Hempel 2000; Bedhomme et al. 2004; Joop et al.

2006; McNamara et al. 2013). Mating typically decreases

immunity (Fowler & Partridge 1989), which may also dif-

fer in the sexes. For instance, in Tenebrio beetles, mating

is associated with decreased phenoloxidase (PO) levels in

females, but not in males (Rolff & Siva-Jothy 2002).

Hence, immune senescence may change as a function of

gender as well as mating status.

To begin to quantify the potentially complex interplay

of age, sex, mating and immune function, we conducted

experiments with the red flour beetle Tribolium castaneum

(Coleoptera: Tenebrionidae). In addition to the innate

immune system, Tribolium beetles secrete defensive qui-

none compounds that inhibit the growth of microbes in

their surroundings (for a recent discussion see Joop et al.

2014), and can be regarded as external (or secreted)

immune function acting outside the body (reviewed in

Otti, Tragust & Feldhaar 2014). These compounds are

secreted by stink glands located on the thorax and abdo-

men and consist primarily of the potent antimicrobials

benzoquinone and pentadecene (Li et al. 2013). Quinone

production varies across T. castaneum genotypes (Pren-

deville & Stevens 2002), and in the closely related species

Tribolium confusum, quinone production is highly herita-

ble (Yezerski, Gilmor & Stevens 2004). Quinone biosyn-

thesis depends on the availability of tyrosine, which is

also the starting point of the PO cascade, a major compo-

nent of innate immunity (Cerenius, Lee & S€oderh€all

2008). This sets up the possibility of interactions between

the innate immune system and external defence. In fact,

recent work shows that RNAi-mediated knockdown of

genes necessary for quinone biosynthesis reduces PO

activity, indicating connected genetic networks (Li et al.

2013). A single beetle can store up to 50 lg quinones, rep-

resenting ~0�05% of adult body weight (Sokoloff 1974;

Unruh, Xu & Kramer 1998). Hence, quinone production

may impose a large energetic burden on the animal and

generate a phenotypic trade-off with investment in innate

immunity. Tribolium beetles thus provide a unique oppor-

tunity to explore the evolution of these two modes of

immune defence in conjunction with each other. For

instance, recent work with burying beetles demonstrates

trade-offs between internal and external immunity, show-

ing that forced up-regulation of internal immunity

reduced the externally secreted immune response (Cotter

et al. 2013).

We describe a set of experiments to address five major

questions about immune senescence using laboratory pop-

ulations of T. castaneum. First, do age, sex and mating

status affect beetle survival when challenged with the nat-

ural pathogen Bacillus thuringiensis? Secondly, is the

observed variation in post-infection survival associated

with changes in innate immune function (measured as

baseline constitutive innate immunity without infection)

as a function of beetle age, sex, and mating status?

Thirdly, are the effects of age, sex and mating similar for
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innate and external immune defence? Fourthly, does infec-

tion-induced internal immune function affect external

immune defence? Finally, is there evidence for an age-

specific trade-off between reproductive fitness of an

individual and its immune function?

We find that baseline constitutive innate immunity and

external defence in uninfected beetles show opposite pat-

terns of change with age: while innate immune function

improves with age, external defence decreases with age.

However, the increase in the measured aspects of innate

immunity fails to prevent higher mortality in infected old

beetles. Importantly, we do not find evidence for trade-

offs between reproductive fitness and innate immune func-

tion or external defence. Instead, interactions between

age, sex and mating status alter both innate immunity

and external defence. Finally, we find that bacterial infec-

tion affects external immunity of an individual depending

on its age, sex and mating status. Our results demonstrate

the importance of a joint assessment of internal immune

traits and defensive secretions in an ageing animal. Our

work thus provides new insights into functional immunity

associated with senescence, highlighting the relevance of

life-history parameters on post-infection survival.

Materials and methods

To ensure high genetic variability in experimental populations,

we created a large outcrossed line of T. castaneum (>2000 adults/

generation), allowing 20 breeding pairs each of six wild-caught

lines (collected from across India) to oviposit for a week. We

maintained this population on whole-wheat flour on a 45-day dis-

crete generation cycle at 34 °C (�1 °C) for 8 months before start-

ing our experiments. For all infections, we used B. thuringiensis

DSM no. 2046 isolated from a Mediterranean flour moth (Roth

et al. 2010), a natural pathogen of red flour beetles that decreases

fitness and imposes significant mortality (Abdel-Razek et al.

1999; Hou, Fields & Taylor 2004). Female beetles from our pop-

ulation undergo reproductive senescence within 60 days post-

pupation (Fig. S1). Hence, in our experiments, we used 17 and

77-day-old individuals (post-pupation) as ‘young’ and ‘old’

adults, respectively.

Since we could not carry out all experiments simultaneously,

we generated four separate sets of experimental individuals (sets

A, B, C and D). Set A was used to test the impact of age, gender

and mating on post-infection survivorship and antibacterial activ-

ity. Set B was used to test the impact of age, gender and mating

on external defence. Set C was used to test for the effect of bacte-

rial infection on external defence, in conjunction with age, sex

and mating status. Set D was used to test the impact of age and

sex on PO activity of virgin beetles. Below, we give a brief sum-

mary of all experimental protocols; detailed methods are given in

the supporting information.

To generate progeny for each age group, we allowed ~500

adults from the outbred line to oviposit in 500 g of wheat flour

for 48 h and used the resulting offspring as experimental individ-

uals. We housed male and female pupae separately in 1�5 mL

microcentrifuge tubes (single sex tubes: 3 pupae/tube, 1 g flour,

supplying fresh flour every 5 days) and held them as virgins until

the 10th or 70th day post-pupation for ‘young’ or ‘old’ age

groups. For sets A, B and C, we then randomly assigned adults

within each age group to ‘virgin’ and ‘mated’ groups. For the vir-

gin group, we held individuals in 48-well microplate filled with

0�5 g of flour for 7 days before subjecting them to further experi-

ments. For the mated subset in sets A and B, we paired individu-

als with 10-day-old mates (post-pupation) in 48-well plate filled

with 1 g of flour for 6 days, with an additional day for oviposi-

tion. In set C, within the mated group, individuals were paired

with respective mates and held for 7 days before subjecting them

to further experiments (without an additional day for oviposi-

tion). Mates were also held as virgins in similar rearing condi-

tions as the experimental young males and females. Set D was

comprised of only virgin beetles. Within a set, we subjected all

adults across age, sex and mating status treatments to experi-

ments on the same day. To quantify trade-offs between immune

function and reproductive fitness, we first measured the number

of offspring produced by each mated female in sets A and B

(24 h oviposition in 1 g flour; eggs allowed to develop in 5 g

flour for 21 days) and then assayed immune function and sur-

vival of each female.

To quantify post-infection survivorship, we infected beetles

(septic injury method) between the head and thorax with a

0�1 mm minutien pin (Fine Science Tools) dipped into a slurry

made from 2 mL overnight culture of B. thuringiensis [optical

density (OD) of 1, measured at 600 nm; n = 15–21 beetles/sex/

mating status/age group]. We carried out sham infection with a

pin dipped in insect Ringer solution (n = 10 beetles/sex/mating

status/age group). We recorded individual survival every 3 h until

24 h post-infection, and daily at 11 pm for the following 7 days.

We quantified antibacterial activity of uninfected beetles using

the protocol reported in Roth et al. (2010; modified from Faye &

Wyatt 1980), measuring the zone of inhibition produced by

whole-body beetle homogenate on a lawn of B. thuringiensis

growing on nutrient agar plates (n = 17–19 beetles/sex/mating

status/age group). We also tested antibacterial activity of virgin

uninfected beetles against another entomopathogen Serratia mar-

cescens, and a non-pathogenic strain of Escherichia coli (DH5)

(n = 15–16 beetles/sex/age group/bacterial species). We measured

the PO activity of virgin uninfected beetles across age groups

(n = 10–11 beetles/sex/age group) as described in Li et al. (2013);

we did not measure PO activity of mated beetles. Since antibacte-

rial and PO activity assays were performed with uninfected bee-

tles, they serve as a measure of changes in baseline constitutive

innate immunity without any immune induction.

To measure external immune defence, we followed the protocol

described by Prendeville & Stevens (2002), measuring the zone of

inhibition produced by individual cold-shocked uninfected beetles

embedded in a lawn of bacterial growth on nutrient agar plates

(n = 17–18 beetles/sex/mating status/age group). The cold shock

induces secretion of quinones from the stink glands. To measure

the effect of prior infection on external defence, we randomly

assigned young (or old) virgin beetles to one of three immune

treatments (n = 17–18 beetles/sex/mating status/age group/im-

mune treatment): (i) infection with low dose of live pathogen

(pellet from 1 mL of 1 OD600 bacterial culture resuspended in

1 mL of insect Ringer solution), (ii) infection with heat-killed

bacteria (heat-killed bacterial slurry prepared by heating 2 mL of

1 OD600 freshly grown culture at 90 °C for 20 min) and (iii) sham

infection with insect Ringer solution. For each treatment, we

used the septic injury method described above. Next day, for

each treatment, we divided individuals randomly into virgin and

mated subsets as described earlier. After holding the animals for

another 6 days, we quantified their external immune defence as
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described above. We estimated the impact of immune system acti-

vation by quantifying the difference in external defence between

beetles infected with heat-killed bacteria and sham-infected bee-

tles. The difference in external defence between beetles infected

with live bacteria and sham-infected beetles served as a measure

of the effect of infection. None of the treatments caused mortality

within the experimental timeframe (between immune treatments

and external immunity assay).

data analysis

We analysed post-infection survivorship data using a three-way

proportional hazard survival analysis with age, mating status and

sex as fixed factors [response variable was post-infection survival

(in days), with animals still alive after 8 days noted as censored

values]. To determine the factors affecting innate immunity and

external defence, in each case we analysed data with a three-way

ANOVA using age, sex and mating status as fixed factors. We

tested for pairwise differences between treatment combinations

after correcting for multiple comparisons, using Tukey’s honest

significant difference (HSD). PO activity data were not normally

distributed (Shapiro–Wilk normality test); hence, we used a non-

parametric Wilcoxon rank sum test to test for impacts of age and

sex on PO activity.

The experimental design for testing the impact of prior infec-

tion on external defence was most complicated. We first analysed

external defence in all treatments (sham, heat-killed and infected)

with an ANOVA using age, sex, mating status and infection status

as fixed factors. To better understand the complex multifactor

interactions, we separately compared data for heat-killed vs.

sham infection and live bacteria vs. sham infection treatments,

and used Tukey’s HSD for pairwise comparisons.

For each model described above, we checked whether all-way

interaction terms of the full model were significant. If they were

not significant, we tested reduced models, sequentially removing

non-significant model terms and comparing models at each step

to determine whether the reduced model performed better than

the previous model. In all cases, the final reduced model

explained as much variation as the full model (models compared

using a log likelihood ratio test; P > 0�1), and hence, we accepted

the simplified model.

Results

factors affecting post- infection
survivorship

Our first aim was to test the impact of age, sex and mat-

ing status on beetle survival after infection with

B. thuringiensis. We did not find any mortality among

sham-infected beetles of both age groups within the exper-

imental window. Hence, we attributed age-related varia-

tion in post-infection survivorship solely to the difference

in age-specific response to bacterial infection. As expected,

we found a significant decline in post-infection survival

with age (Fig. 1a), so that young individuals survived

longer and were less susceptible to infection, whereas old

mated females were most susceptible (Fig. 1a; Table 1).

Although mating status and sex alone did not alter sur-

vival, these two factors showed a significant interaction

(see Table 1): mating reduced post-infection survival in

females but not in males (Fig. 1b). Next, we tested

whether aspects of innate immunity mirrored our results

for post-infection survivorship.

factors affecting innate immune components

We conducted a full factorial experiment to determine the

impact of age, sex and mating status on whole-body

antibacterial activity of adult beetles against B. thuringien-

sis. We found that sex did not affect antibacterial activity

(Fig. 2a; Table S1). Mating status and age interacted to

Fig. 1. Survival of T. castaneum adults following infection with

B. thuringiensis. (a) Effect of age and sex on post-infection sur-

vivorship. (b) Effect of mating and sex on post-infection survivor-

ship.

Table 1. Summary of the best reduced proportional hazards

model to test the impact of age, sex and mating status on survival

of beetles infected with Bacillus thuringiensis

Factor d.f. Chi-square P

Mating 1 2�818 0�093
Sex 1 0�553 0�457
Age 1 10�418 0�001
Mating 9 Sex 1 3�85 0�049

Model terms with significant effects are highlighted in bold.
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affect antibacterial activity: in virgins, antibacterial activ-

ity increased with age, but did not change significantly in

mated individuals (Fig. 2b). We observed a similar age-re-

lated increase in antibacterial activity of virgins against

two other bacteria, S. marcescens and E. coli (Fig. S2).

Our results also suggest that mating imposes a significant

cost only in older individuals by reducing antibacterial

activity (Fig. 2b).

Given the age-related increase in antibacterial activity

of virgin beetles, we tested whether they also exhibit an

increase in PO activity, a major innate immune

component. Similar to the results for antibacterial activ-

ity, we found that PO activity increased with age, with no

evidence for sexual dimorphism (Fig. 3; Table S2).

Together, these results indicate a general age-associated

increase in innate immune components in virgins.

factors affecting external immune defence

We quantified the impact of age, sex and mating status

on the external immune defence of experimental beetles.

Mating decreased external defence (Fig. 4a, Table S3),

indicating that mating and/or associated physiological

changes may impose a cost with respect to external

immune defence. We also found a significant interaction

age 9 sex on external defence (Fig. 4b). While females

showed an age-related decline in external defence, males

did not show significant age-specific variation in their

response (Fig. 4b). Young females thus produced larger

zones of inhibition than young males, but when old,

males and females had similar external defence (Fig. 4b).

impact of prior infection on external
defence

Our experiment was designed to tease apart the effects of

immune system activation vs. infection on external defen-

sive secretions as a function of age, sex and mating status.

Previous experiments have suggested that infection nega-

tively affects major components of fitness such as repro-

ductive ability and survivorship (Khan & Prasad 2011)

and could thus limit investment in external immune

defence. We found that by itself, infection did not alter

external immune defence, whereas age, sex and mating

status all had significant impacts (Fig. S3; Table 2). How-

ever, we also found multiple interactions between the dif-

ferent factors, indicating that their effects are not

straightforward (Fig. 5; Table 2).

A significant interaction between infection and mating

status (Table 2) revealed that mating reduced external

defence in beetles from the heat-killed and sham infection

treatments, but had no effect on individuals infected with

live pathogens (Fig. S3). However, this interaction

between infection and mating status further depended on

sex and age, as evidenced by the three-way interaction

between sex, infection and mating status, as well as a

four-way interaction between all factors (Table 2). In

young individuals that were sham-infected or infected

with heat-killed bacteria, mating reduced external defence

in females but not in males (Fig. 5a,b). In contrast, in

young individuals infected with live bacteria, female exter-

nal defence increased after mating, whereas male external

Fig. 2. Effect of (a) sex and (b) age 9 mating status interaction on antibacterial activity, measured as the mean diameter (�SE) of the

zone of inhibition of bacterial growth on agar plates produced by whole-beetle homogenate. P values in panel a and b show the effect of

sex and age 9 mating status interaction, respectively. In panel b, points not sharing common alphabets are significantly different from

each other (determined using Tukey’s HSD).

Fig. 3. Effect of beetle age on phenoloxidase activity of virgins

measured as the average slope (�SE) of the linear part of the

reaction quantifying the phenoloxidase enzyme activity.
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defence decreased after mating (Fig. 5c). Thus, when

faced with a live pathogen, young females appear to

increase their investment in external defence after mating,

whereas males show the opposite trend. In contrast, in

older individuals, females did not respond to infection

treatments (whether sham, heat-killed or live; Fig. 5d–f)
whereas males either did not respond (sham infection and

infection with live bacteria; Fig. 5d,f) or reduced external

defence (heat-killed treatment; Fig 5e). Thus, males and

females show contrasting responses to mating and infec-

tion as they age.

To further understand these effects in light of the cost

of immune system activation (sham-infected vs. heat-killed

treatment) vs. infection with live bacteria (sham-infected

vs. infected), we separately compared these treatment

pairs. The analysis showed that the three-way interaction

between age, sex and mating is only seen when comparing

sham infection vs. heat-killed treatment and not sham

infection vs. infection with live bacteria (Table S4). Thus,

the combined effect of age and sex on the impact of mat-

ing is significant only when measuring the cost of immune

activation in response to the heat-killed treatment

(Fig. 5b,e; Table S4). In the heat-killed treatment, females

show a mating-associated decline in external defence only

when they are young. In contrast, mating imposes a cost

only in older males (compare Fig. 5b,e). This also

explains why we did not uncover an age 9 sex 9 mating

interaction in the previous experiment with uninfected

individuals and shows that immune activation can have

large indirect impacts on individual external defence.

correlation between reproductive output
and immune function in females

None of the measured immune components (post-infec-

tion survivorship, antibacterial activity or external

defence) were correlated with reproductive fitness across

age groups (post-infection survivorship: R2 = 0�008,
d.f. = 1, P = 0�57; antibacterial activity: R2 = 0�07,
d.f. = 1, P = 0�111; external defence: R2 = 0�074, d.f. = 1,

P = 0�106; see Fig. S4). It is worth noting that all females

from the ‘young’ age group produced offspring, and only

a small fraction (<2%) of old females did not produce

any offspring (data not shown). Given this, we assumed

that all females were inseminated and most likely, females

that failed to produce offspring had an age-associated

impairment in reproductive ability. However, we have not

tested this explicitly and it is possible that a small fraction

of old females did not mate successfully.

Discussion

We evaluated the impact of ageing on immune function

and the ability to survive pathogenic bacterial infection.

Our data clearly show that ageing reduces the ability to

survive after a B. thuringiensis challenge, but antibacterial

activity against B. thuringiensis and PO activity of virgins

increase with age. A similar mismatch between age-associ-

ated change in the ability to survive bacterial infection

and the aspects of antibacterial immunity was reported

Fig. 4. Effect of (a) mating status and (b) age 9 sex interaction on external defence, measured as the mean diameter (�SE) of the zone

of inhibition of bacterial growth on agar plates produced by cold-shocked beetles embedded in the agar plate. P values in panel a and b

show the effect of mating status and age 9 sex interaction, respectively. In panel b, points not sharing common alphabets are signifi-

cantly different from each other (determined using Tukey’s HSD).

Table 2. Summary of four-way ANOVA for external defence with

infection status (IS), age (A), sex (S) and mating status (M) as

fixed factors

Factor d.f. SS F-ratio P

IS 2 6�721 0�649 0�52
A 1 293�805 56�77 <0�0001
S 1 394�024 76�135 <0�0001
M 1 190�318 36�774 <0�0001
IS 9 A 2 8�219 0�794 0�453
IS 9 S 2 1�612 0�156 0�856
IS 9 M 2 71�56 6�914 <0�001
A 9 S 1 10�867 2�099 0�148
A 9 M 1 8�216 1�588 0�208
S 9 M 1 1�237 0�239 0�625
IS 9 A 9 S 2 19�997 1�932 0�146
IS 9 A 9 M 2 7�498 0�724 0�485
IS 9 S 9 M 2 111�721 10�794 <0�0001
A 9 S 9 M 1 33�798 6�531 0�011
IS 9 A 9 S 9 M 2 77�001 7�439 0�001
Error 414 2142�593

Model terms with significant effects are highlighted in bold.
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previously in fruit flies (Ramsden, Cheung & Seroude

2008). Our data also show that mating status and age

interact to affect antibacterial activity against

B. thuringiensis, such that it improved with age in virgin

beetles but remained unchanged in mated individuals.

This pattern of age-related increase in antibacterial activ-

ity of virgins seems to be a general and non-specific phe-

nomenon, being effective against multiple bacteria.

Together, the age-related increase in antibacterial and PO

activity of uninfected virgins may represent baseline levels

of immune activation or chronic inflammatory-like

responses with age reported in other species (Licastro

et al. 2005). Overall, while our results suggest an age-re-

lated improvement in the baseline constitutive immune

response in the absence of infection, this improvement did

not translate into higher post-infection survivorship.

However, we note that decline in post-infection survival

with age can be mediated by other components of innate

immunity that we did not measure, and future work may

uncover such components.

variable impacts of ageing on immune
function and post- infection survivorship

Why do older beetles succumb to pathogens more easily,

despite an apparent increase in immune function? One

reason may be that other aspects of senescence make

older animals more vulnerable to infection. For instance,

the ability to tolerate bacterial infection decreases with

age (Ayres & Schneider 2008). Old individuals may thus

rely on active resistance to bacterial infection, leading to

selection for ever-increasing immune function with age.

However, such an increase in immune expression may be

constrained by substantial physiological costs (e.g. see

Discussion on immunopathology below) or may trade off

with other traits relevant for fitness (McKean & Nunney

2008), including other immune components (Cotter,

Kruuk & Wilson 2004). Such trade-offs may potentially

explain why older individuals are more susceptible to

infection despite increased immune activation. However,

in our experiments, we do not find evidence of a trade-off

between reproductive fitness and components of immune

function such as antibacterial activity for either age

group. Thus, females that produced more offspring did

not die faster after infection, and did not show a reduc-

tion in internal or external immune defence. Hangartner

et al. (2013) also failed to find any trade-offs between

reproduction and immune function (PO activity and resis-

tance to microsporidian infection) in T. castaneum lines

selected for divergent reproductive success. These results

are in contrast to the expectation that an individual’s

reproductive investment may restrict the expression of

Fig. 5. Impact of B. thuringiensis infection

on external defence under different age,

sex and mating treatments. External

defence was measured as described in

Fig. 4. P values in panels show the effect

of sex 9 mating status interaction.

SI = Sham-infected individuals, HK = in-

dividuals infected with heat-killed bacte-

ria, I = individuals infected with live

bacteria, F = female, M = male. Points

not sharing common alphabets are signifi-

cantly different from each other (deter-

mined using Tukey’s HSD).
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immune-related traits. However, we would like to stress

three major limitations of our experiment. First, the

trade-off may be mediated in the opposite direction to

what we have measured: once infected, females that

mount a stronger immune response have low reproductive

fitness. Secondly, given that females were not resource

limited, the impact of trade-off may be too weak to be

detected. Finally, for logistic reasons, we measured 24 h

fecundity as a fitness proxy, and it is possible that trade-

offs may be apparent on longer time-scales. Hence, more

detailed and manipulative experiments are necessary

before we can write off immune function reproduction

trade-offs in T. castaneum.

Up-regulation of immune function genes may also arise

simply as a by-product of a general loss of gene regula-

tion associated with senescence, and natural selection on

old individuals may be too weak to effectively prevent

misregulation. Such deregulated immune activation may

increase the risk of immunopathology, that is damage by

the host’s own immune response against infection (Sadd

& Siva-Jothy 2006). For example, rapid-acting and non-

specific innate immune components such as PO can cause

severe damage to host tissue and organs by producing

reactive and cytotoxic intermediates (Urabe et al. 1994;

Cerenius & S€oderh€all 2004; Zhao et al. 2011). Older indi-

viduals may thus succumb to infection even if their ability

to fight bacterial infection improves or remains unchanged

with age. Although we found enhanced PO activity in

ageing beetles, we did not test whether this leads to

increased immunopathology in older beetles. Future work

quantifying the degree of immunopathological damage as

a function of age is necessary to explicitly test this idea.

Our results imply that two commonly measured

immune traits (antibacterial and PO activity) are poor

predictors of age-related post-infection survival. Previous

observations by Corby-Harris et al. (2007) for different

populations of D. melanogaster similarly indicated that

measures of immune function and host ability to survive

an infection are not positively correlated, even though

both traits exhibit ample genetic variation. Thus, the lack

of correlation between immune traits and their outcome

may not be restricted to the context of ageing alone, but

may be a more general phenomenon that arises due to a

complicated set of interactions between life-history param-

eters, ecological factors and the evolutionary history of an

organism.

A limitation of our experiments is that we could only

measure immunity and susceptibility to bacterial infection

for two age groups (17 and 77 days post-pupation).

Hence, we are unable to determine the trajectory of age-

related changes in immune function (e.g. whether immune

components increase monotonically or as a step function).

We also note that we did not measure cellular defence, an

important component of host response immediately after

infection. An earlier report suggests that the ability of cir-

culating haemocytes to perform phagocytosis declines

with age in scorpion flies, Panorpa vulgaris (Kurtz 2002).

It is possible that a similar reduction in cellular defence

may explain the age-related increase in susceptibility to

bacterial infection. Finally, while we found that compo-

nents of baseline constitutive immunity increased with

age, ageing may reduce an individual’s ability to activate

the immune system upon infection; we could not test this

possibility in our study. However, studies on fruit flies

(e.g. Khan & Prasad 2013) and mealworms (Tenebrio

molitor, closely related to T. castaneum; I Khan, unpub-

lished data) that quantified bacterial load across age

groups suggest that immunity generally improves with

age, though the relationship varies across genotypes

(Lesser, Paiusi & Leips 2006).

Contrary to innate immune function, we found that

ageing reduced the ability to inhibit bacterial growth

through external secretions, and even a prior infection did

not alter the ageing of the external defence. However, in

contrast to our finding, a previous study of T. castaneum

reported that in both sexes, quinone levels in the storage

glands increased after adult eclosion, peaked in 50-day-

old individuals and was maintained until 80 days post-

eclosion (Unruh, Xu & Kramer 1998). In a separate study

of the closely related species T. confusum, Roth (1943)

reported that older individuals accumulated larger vol-

umes of secretory material in their abdominal reservoirs.

However, these studies did not quantify the secretion of

quinones outside the body; nor did they directly test the

potency of the secretion in inhibiting bacterial growth. It

is possible that although older individuals have higher

quinone levels, the physiological ability to secrete the

compounds, the rate of secretion or the potency of the

secretion declines with age. Recent work by Pedrini et al.

(2010) suggested that infection reduced the secretion of

defensive compounds in T. castaneum, although both

infected and uninfected beetles produced equivalent total

amount of quinone. Ageing could perhaps alter the secre-

tion system in a similar fashion, and this could explain

the contrast between our results and previous studies (e.g.

Unruh, Xu & Kramer 1998). Clearly, further studies are

required to understand the relationship between potential

defence (benzoquinone production) and realized defence

through external secretions (ability to inhibit microbial

growth).

sex and mating status affect immune
infection and post- infection survival

Sexual dimorphism in immune function and its outcome

may arise due to three major processes. First, such differ-

ences may be adaptive in light of different constraints on

males and females (e.g. sex-specific physiological or evolu-

tionary trade-offs). For instance, Rolff (2002) used Bate-

man’s principle (Bateman 1948) to predict that female

investment in innate immunity should be intrinsically

higher than males because females gain direct benefits

from increased life span, whereas males typically increase

fitness via more matings. Alternatively, sex-specific
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differences in the immune response may result from envi-

ronmental factors (such as resource availability or sexual

activity) that might differentially limit male and female fit-

ness at various life stages (McKean & Nunney 2005).

Finally, sexual dimorphism may arise as a result of sexual

conflict regarding relative investment in offspring vs. self-

defence (e.g. see review by Morrow & Innocenti 2012).

By itself, we observed a significant impact of sex only

on external defence, so that females inhibited bacterial

growth better than males through their defensive secre-

tions. Similar patterns were found in externally secreted

social immune defence of burying beetles, with females

showing stronger antibacterial activity than males (Cotter

& Kilner 2010) despite substantial fitness costs (Cotter

et al. 2010). These patterns may be potentially adaptive if

females gain greater direct (protecting self) or indirect

benefits (protecting offspring against pathogens) from

external defence compared to males. Further, Tribolium

males tend to disperse more than females (Ritte & Lavie

1977), and hence, quinones secreted by females may bene-

fit their progeny more than male quinones. We also found

that young females have higher external defence than

males and old females near reproductive senescence, sug-

gesting that sex-specific, reproduction-mediated trade-offs

may underlie the observed sexual dimorphism in external

defence. Along with previous work (Unruh, Xu & Kramer

1998 and references therein), these results support Rolff’s

(2002) prediction about intrinsic sex-specific constraints

driving dimorphism in immune function. On the other

hand, the observed pattern of variation in external

immune defence may also represent a secondary outcome

of gender-specific senescence.

In contrast to external defence, we did not find a signif-

icant impact of sex on survival after bacterial infection,

PO and antibacterial activity. This is consistent with

recent studies on D. melanogaster showing that males and

females do not differ in their ability to survive bacterial

infection (Ramsden, Cheung & Seroude 2008) and have

similar bacterial loads (Khan & Prasad 2013). These

results are counter to the prediction by Rolff (2002) and

support McKean & Nunney’s (2005) hypothesis that nei-

ther sex has intrinsically superior immune function (also

see above). Using fruit flies, McKean & Nunney (2005)

demonstrated that while immunological sexual differences

are absent when resources are abundant, males had better

immune function under limiting resources and females

had higher immunity when males were mating with multi-

ple females. In our experiments, beetles were provided

with abundant resources, which may have reduced the

impact of any inherent immunological sex-specific differ-

ences. Thus, explicit experiments are necessary to distin-

guish between different hypotheses (described above) and

to determine whether the observed patterns of sexual

dimorphism in immune function are adaptive.

Overall, our results also highlight a general immunosup-

pressive role of mating, often in interaction with other

factors. By itself, mating decreased antibacterial activity, as

seen in previous examples of post-mating immune depres-

sion (See Sheldon & Verhulst 1996; Rolff & Siva-Jothy

2002). Mating also decreased external defence, similar to

the results of a previous study by Hill & Tschinkel (1985)

showing lower production of defensive compounds in

mated individuals compared to virgins of the beetle

Zophobas atratus. Despite these negative effects on immune

function, mating status alone did not alter post-infection

survival. In fact, mating status interacted with sex such that

females paid a cost of mating while males did not.

Interestingly, beetles infected with live bacteria did not

show any effect of mating because virgins reduce their

external defence on infection whereas mated beetles

increase external defence on infection. Furthermore,

females drove this interaction, paying no cost of mating

when infected. Our finding that external defence increased

in mated females after infection with live bacteria may

represent an adaptive response under pathogen attack, if

increased investment in external defence secures a patho-

gen-free environment for their offspring. Alternatively,

these patterns may arise as a result of sexual conflict

(Morrow & Innocenti 2012), if after mating or infection,

males benefit more than females from increased female

external defence. However, we stress that currently there

is no evidence for either hypothesis in T. castaneum.

conclusion

Immune senescence is an intriguing phenomenon that

bears on many aspects of evolutionary biology and ecol-

ogy, particularly life-history theory. Although it seems

straightforward that immune function should decrease

with age, our work along with other studies points to a

more complicated picture. Various immune components

are up- or down-regulated not only as a function of age,

but also depend on changes in mating status and gender.

Perhaps as a result, the net impact of each component

does not always predict an individual’s ability to survive

an immune challenge. We did not find trade-offs between

different immune components and reproduction, suggest-

ing that simplistic life-history models may also fail to

explain the discordance between immune function and

susceptibility to infection observed across taxa. Our

results suggest that intricate relationships between various

life-history and ecological parameters may drive immune

senescence and investment in immune components, and

we hope that our observations motivate further experi-

mental work to confirm and understand these patterns.

We suggest that experimental manipulation of specific

immune components across age, stage and life-history

classes will shed more light on the complex problem of

immune senescence.
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Fig. S1. Reproductive senescence of female beetles measured as

the mean total number of progeny (�SE) produced by each

female (24 h oviposition period) within 60 days post pupation.

Fig. S2. Antibacterial (AB) activity against S. marcescens and

E. coli, measured as the mean diameter (�SE) of the zone of

inhibition of bacterial growth on agar plates produced by whole-

beetle homogenate.

Fig. S3. Comparison of the effect of (A) Age (B) Sex and (C)

Mating status on external defence between different immune

treatments (SI = sham infection; HK = infection with heat-killed

bacteria; I = infection with live bacteria).

Fig. S4. Summary of experiments showing a lack of tradeoffs

between reproductive fitness of females (measured as the number of

progeny produced by each female) and their A. post-infection

lifespan, B. antibacterial activity, and C. external immune defence

across age groups (Young-Y, Old-O).

Table S1. Summary of the best reduced model (ANOVA) for

antibacterial activity with age, sex and mating status as fixed

factors.

Table S2. Summary of Wilcoxon rank sum test for the effect of age

and sex on PO activity in virgin beetles.

Table S3. Summary of three-way ANOVA (best reduced model) for

external defence, with age, sex and mating status as fixed factors.

Table S4. Summary of four-way ANOVA for external defence in SI

vs. HK and SI vs. I with infection status (IS), age (A), sex (S) and

mating status (M) as fixed factors.

Data S1. Materials and methods.
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