
SUPPLEMENTARY INFORMATION 

 

MATERIALS AND METHODS 

 

Quantifying factors affecting post-infection survivorship 

On the evening before infection we inoculated B. thuringiensis culture from -80°C glycerol stocks into 10 

ml nutrient broth (per 1000 mL of water: 10 g Bacto-tryptone, 5 g yeast extract, 10 g NaCl, pH 7), 

incubating it in a shaker at 30°C. When the culture reached an optical density of 1 (measured at 600nm in 

a Metertech, UV/Vis Spectrophotometer, SP 8001), we centrifuged the culture at 5000 rpm for 5 minutes 

(Thermo Scientific, Megafuge 16) and removed the supernatant to make a bacterial slurry. We 

anaesthetised beetles by leaving them on ice for 5 minutes, and then infected each beetle between the 

head and thorax with a 0.1 mm minutien pin (Fine Science Tools, Foster City, CA) dipped into the 

bacterial slurry. As a control, we carried out sham infection with a pin dipped in insect Ringer solution 

(see Roth et al. 2009). To prevent biases due to the time of infection, we performed all infections and 

sham infections between 10 pm and 12 am, choosing beetles randomly with respect to the treatment group. 

We recorded individual survival every 3 hours for 24 hours post-infection, and daily at 11 pm for the next 

7 days. 

 

Quantifying antibacterial (AB) activity  

To measure AB activity, we closely followed the protocol reported in Roth et al. 2010 (modified from 

Faye & Wyatt, 1980; also see Joop et al. 2014), measuring the zone of inhibition produced by whole-body 

beetle homogenate on a lawn of bacterial growth on nutrient agar plates. We prepared the whole body 

homogenate after an initial cold shock at -80°C. Freezing triggers the release of quinone products from 

the thorax and abdomen, which can also prevent microbial growth and confound the results of the AB 

activity. Therefore, to remove quinone products, flour and other surface contaminants, we used a paint 

brush to clean each individual under dissection microscope with 70% ethanol followed by a wash in 

sterile water (confounding effect of quinones on the AB activity assay should thus be minimal). We 

prepared a full body homogenate of each cleaned beetle with the aid of micro-pestles in 30 µl Bis-Tris 

buffer (0.1 M, pH 7.5, sterile filtered Bis-Tris: Fluka, SIGMA-ALDRICH) supplemented with 0.01% 

Phenylthiourea acid (PTU) to inhibit melanization. We centrifuged the homogenate at 7500 rpm at 4°C 

for 10 minutes, and separated the supernatant. To prepare the nutrient agar plate, we inoculated B. 

thuringiensis in Nutrient Broth and allowed it to grow overnight at 30°C to an optical density of 1.0. We 

separately autoclaved a batch of Nutrient broth with 1% agar and allowed it to cool in a water bath held at 

45°C. Following this, we added the growing bacterial culture to the agar medium and mixed by shaking, 



giving a final OD of 0.001. We poured 6 mL of this mixture into each Petri dish, swirling immediately to 

get an even and homogenous distribution of bacteria. We punched 3 wells (2 mm diameter) in each plate, 

and added 2 µl homogenate from experimental beetles to one of the 3 wells in each plate. We added 2 µl 

Streptomycin (100 mg/ml) and insect Ringer solution to every plate as positive control and negative 

control respectively. We incubated the plates at 30°C for 18 h, at which point we could see clear zones of 

inhibition of bacterial growth around wells. We used the mean value of the inhibition zone measured both 

horizontally and vertically as a proxy for the AB activity. For virgins, we also tested AB activity of beetle 

homogenate for two additional bacteria: Escherichia coli (DH5) and Serratia marcescens. E. coli is not a 

known pathogen to T. casteneum and was chosen as a very widely distributed bacterium. S. marcescens is 

a natural insect pathogen and known to cause high mortality in both larvae and adults (unpublished data).  

 

Quantifying Phenoloxidase (PO) activity 

Rapid acting and non-specific melanin producing phenoloxidase activity is a major component of insect 

defence against infection. We measured the PO activity of virgin beetles across age groups as described in 

Li et al. (2013). Individual beetles were homogenized in 120 µl Bis-Tris buffer and centrifuged three 

times to remove debris (6200 rpm, 4°C, 5 minutes in an Eppendorf centrifuge 5810R). After each 

centrifugation step, we transferred the supernatant to a new tube kept on ice. To measure the PO activity, 

we prepared a flat bottom 96-well plate on ice containing 50 µl sterile deionized water and 50 ml Bis-Tris 

buffer in each well. We then added 20 µl of beetle extract to each well (adding 20 ml Bis-Tris buffer 

instead to wells used as a blank). We added 50 µl 3, 4-Dihydroxy-L-phenylalanine (L-DOPA; Sigma; 4 

mg/ ml in Bis-Tris buffer, filter-sterilized) into each well as a substrate and placed the plate immediately 

in a Microplate Spectrophotometer. We measured absorption at 490 nm and 37°C every minute for 90 

minutes. After correcting the self-darkening of the substrate by subtracting the blanks, we estimated PO 

activity as Vmax of the linear phase of the reaction in each sample well (Li et al. 2013). 

 

Quantifying external immune defence 

We closely followed the protocol described in Prendeville and Stevens (2002), measuring the zone of 

inhibition produced by individual cold-shocked beetles embedded in a lawn of bacterial growth on 

nutrient agar plates. To prepare the agar plates, we autoclaved the nutrient broth described above with 

0.6 % agar and cooled it in a water bath held at 45°C. We then added bacterial culture (freshly grown 

overnight to 1 OD) to the medium to a final OD of 0.1. We poured 6 mL of the medium into each plate. 

After freezing beetles at -80°C for 15 min, we placed each beetle vertically in a plate, embedding it in the 

agar. Due to the cold shock, quinones are released from the glands and diffuse into the agar. We also 

punched two holes in each plate with a sterile pipette tip (2 mm diameter), and filled them with control 



solutions (positive control: 2 µl Streptomycin (100 mg/ml); negative control: 2 µl insect Ringer solution). 

Plates were incubated at 30°C for 18 h, after which we measured the zone of inhibition. We used the 

mean value of the inhibition zone measured both horizontally and vertically to estimate the magnitude of 

external immune defence. 

  

Measuring the effect of prior infection on external defence 

We randomly assigned 10 day and 70 day- old (post-pupation) virgin males and females to one of the 

following immune treatments.  

I. Infection with live pathogen (I): Beetles were infected with live bacteria (pellet from 1 ml of 1 OD 

bacterial culture resuspended in 1 ml of insect Ringer solution) by septic injury method as described 

before. These individuals would be used to test for the direct impact of infection on external defence. 

II. Infection with heat-killed bacteria (HK): Individuals were pricked with heat killed bacterial slurry 

prepared by heating freshly grown culture at 90°C for 20 min (Roth et al. 2009). We confirmed the 

efficacy of heat killing by plating the heat killed culture on a nutrient agar plate and incubating 

overnight at 30°C. The beetles would be used to test for indirect impacts of immune activation on 

external defence, since the heat-killed bacteria would elicit an immune response without actually 

infecting the beetle. 

III. Sham infection (SI): Individuals were pricked with a pin dipped in insect Ringer’s solution. These 

beetles serve as a control to quantify the impact of the infection procedure on external defence.  

 

We transferred all treated beetles individually into a 96-well microplate with fresh flour, and held them 

for 24 hours to overcome the effect of injury caused by pricking. Next day, for each treatment we 

randomly divided the individuals in two subsets (virgin and mated). After holding the animals for 6 days 

(either alone or with a mating partner reared under similar conditions as the experimental young beetles), 

we assayed their external immune defence as described earlier. 

 

 

 

 

 

 

 

 

 



SUPPLEMENTARY TABLES 

 

Table S1: Summary of the best reduced model (ANOVA) for antibacterial activity with age, sex and 

mating status as fixed factors.  

 

Factor DF SS F Ratio P 

Age 1 17.132 1.488 0.225 

Mating status 1 80.505 6.995 0.009 

Age × Mating status 1 107.449 9.336 0.003 

Error 140 1611.137   

 

 

Table S2: Summary of Wilcoxon rank sum test for the effect of age and sex on PO activity in virgin 

beetles.  

 

Factor DF              Chi-square P 

Age 1 4.059 0.043 

Sex 1 7.797 0.371 

 

 

Table S3. Summary of three-way ANOVA (best reduced model) for external defence, with age, sex and 

mating status as fixed factors.  

 

Factor DF SS F-ratio P 

Age 1 205.112 31.224 <0.0001 

Sex 1 35.924 5.469 0.021 

Mating status 1 152.712 23.248 <0.0001 

Sex × Age 1 70.686 10.761 0.001 

Error 135 886.81   

 

 

 

 

 



 

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. Model terms with significant effects 

are highlighted in bold. SI = sham infection; HK = infection with heat-killed bacteria; I = infection with 

live bacteria. 

 

Factor 

 

SI-HK 

   

SI-I 

 

  

 
DF SS F-ratio P DF SS F-ratio P 

IS 1 6.711 1.339 0.248 1 1.797 0.339 0.561 

A 1 185.603 37.02 <.0001 1 247.761 46.711 <0.0001 

S 1 278.122 55.474 <.0001 1 244.140 46.029 <0.0001 

M 1 261.299 52.119 <.0001 1 76.082 14.344 0.0002 

IS × A 1 7.862 1.568 0.211 1 0.695 0.131 0.718 

IS × S 1 1.027 0.205 0.651 1 0.031 0.006 0.938 

IS × M 1 0.134 0.027 0.87 1 52.101 9.823 0.002 

A × S 1 14.511 2.894 0.09 1 17.364 3.274 0.072 

A × M 1 3.798 0.757 0.385 1 1.518 0.286 0.593 

S × M 1 26.031 5.192 0.023 1 25.394 4.788 0.029 

IS × A × S 1 15.908 3.173 0.076 1 13.692 2.582 0.109 

IS × A × M 1 6.947 1.386 0.24 1 3.707 0.699 0.403 

IS × S × M 1 4.664 0.93 0.336 1 64.128 12.09 0.001 

A × S × M 1 87.219 17.397 <.0001 1 0.244 0.046 0.83 

IS × A × S × M 1 15.466 3.085 0.08 1 24.602 4.638 0.032 

Error 277 1388.75     280 1485.15     

 

 

 

 

 

 

 

 

 

 



 

SUPPLEMENTARY FIGURES 

 

Figure 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. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 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 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 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). External defence was measured as described in Fig. 4.  

 

 
 

 



Figure 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).  
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