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Abstract 13 

Burying beetles (Nicrophorus vespilloides) breed on small vertebrate carcasses, which they shave and 14 

smear with antimicrobial exudates. Producing antimicrobials imposes a fitness cost on burying beetles, 15 

which rises with the potency of the antimicrobial defence. Burying beetles also carry phoretic mites 16 

(Poecilochirus carabi complex), which breed alongside them on the carcass. Here we test the novel 17 

hypothesis that P. carabi mites assist burying beetles in clearing the carcass of bacteria as a side-effect 18 

of grazing on the carrion. We manipulated the bacterial environment on carcasses and measured the 19 

effect on the beetle in the presence and absence of mites. With next-generation sequencing, we 20 

investigated how mites influence the bacterial communities on the carcass. We show that mites: 1) 21 

cause beetles to reduce the antibacterial activity of their exudates but 2) there are no consistent fitness 22 

benefits of breeding alongside mites. We also find that mites increase bacterial diversity and richness 23 

on the carcass, but do not reduce bacterial abundance. The current evidence does not support a cleaning 24 
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mutualism between burying beetles and P. carabi mites, but more work is needed to understand the 25 

functional significance and fitness consequences for the beetle of mite-associated changes to the 26 

bacterial community on the carcass.  27 

Introduction 28 

Interactions between species, ranging from competition to mutualism, are a key driver of biodiversity. 29 

The outcome of such interactions for the fitness of individuals in a population can vary with individual 30 

characteristics and environmental conditions1,2. These fitness consequences influence not only the co-31 

evolution of traits mediating interspecific interactions3, but also the evolution of life-history and social 32 

behavioral traits4,5, by changing the adaptive landscape in which these traits evolve. 33 

 Host-parasite interactions have been particularly well-studied in the context of parental care, 34 

and are implicated in the trade-off between current and future reproduction6. Parasites may decrease the 35 

value of the current brood. In great tits, for example, flea infestations decreased nestling mass and 36 

number7, and led to reduced brooding and nestling care8. At the other end of the spectrum, mutualistic 37 

interactions may reduce the costs of parental care. For example, in an ant-treehopper mutualism, 38 

attendance by ants frees the female treehopper to leave their first clutch of eggs in the ants’ care, to 39 

produce new clutches herself9. The female treehopper therefore transfers some of the costs of parental 40 

care to the mutualistic partner.  41 

 Here we examine how interspecific interactions modulate a parental investment trait in the 42 

burying beetle, Nicrophorus vespilloides: the lytic activity of its anal exudates. Burying beetles use 43 

small vertebrate carcasses to rear their offspring; they prepare the carcasses for breeding by shaving 44 

them, rolling them into a ball, smearing them with antimicrobial exudates and burying them in a 45 

shallow grave10–12. The eggs are laid in the surrounding soil, and larvae hatch within 3-4 days. Both 46 

parents can feed the larvae with regurgitated meat from the carcass, but males typically desert the 47 

brood earlier than females13,14. Larvae feed for approximately 4-5 days, then disperse from the remains 48 
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of the carcass to pupate in the soil. 49 

Burying beetles carry with them several species of phoretic mites15,16. The association with 50 

phoretic mites has occasional short-term benefits for beetle fitness, because mites eliminate blowfly 51 

larvae; the presence of mites may also have long-term positive effects for beetles, due to a reduction in 52 

the number of nematodes carried by beetles17. We focus on the association between N. vespilloides and 53 

the Poecilochirus carabi species complex. P. carabi (hereafter ‘mites’) attach to burying beetles as 54 

deutonymphs (juveniles) when the beetles breed or feed on carcasses. Burying beetles typically carry 55 

approximately ten mites, but individuals carrying up to hundreds have been observed in the field 15,18. 56 

Nevertheless, burying beetles make no attempt to self-groom or remove mites. Mites seemingly derive 57 

no nourishment from the beetle, and use it simply as a means of transport15. When adult beetles locate a 58 

carcass, the mites alight, feed on the carcass, molt into adults, mate, and reproduce on the carrion, 59 

living alongside the beetle larvae on the carrion. It is during reproduction on the carcass that mites are 60 

most likely to influence burying beetle fitness. When the parents depart at the end of reproduction, they 61 

carry with them the next generation of mites15.  62 

Previous work has found that the effect of mites on beetle fitness varies with sex and ecological 63 

conditions14,19. Mites can increase the costs of pre-hatching care (i.e. carcass preparation) for N. 64 

vespilloides males19. Males desert the brood earlier when mites are present14 and in doing so avoid 65 

fitness costs in terms of lifespan and decreased brood size.  Female desertion time, however, is not 66 

affected by mites, even though the earlier the male leaves, the more mites are carried by the female. 67 

There are two potential reasons for why males and females evolved different responses to the presence 68 

of mites. First, females may be constrained on departure time, because the earlier the female leaves, the 69 

smaller is the surviving brood14. Hence females may simply be making the best of a bad job. A second 70 

potential reason is asymmetric investment in different components of parental care by each sex.  71 

One component of care which differs between male and female beetles is the antibacterial 72 

defence of the carcass, with female exudates showing stronger lytic activity than males12. This lytic 73 
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activity is part of the beetle’s social immune system (sensu Cotter and Kilner 201020) because it 74 

potentially protects adult beetles and larvae from pathogenic microbes on the carcass. However, 75 

mounting this response imposes a fitness cost on females21. It also increases larval survival22, and can 76 

therefore be considered an integral part of parental investment in N. vespilloides. We test the 77 

hypothesis that mites modulate the costs to female burying beetles of defending the carrion with 78 

antimicrobials. Mites could achieve this by grazing on the surface of the carrion, thereby ingesting 79 

bacteria and fungi. Mites may also produce their own antimicrobial defences, which are common in 80 

invertebrates that breed on microbially rich resources (e.g. Nicrophorus, blowflies, houseflies 23,24. 81 

Both of these behaviours are likely to evolve as part of the mites’ carrion-feeding ecology. The 82 

consequent reduction in costs of antimicrobial defence to the burying beetle host would be a by-product 83 

of natural selection on mites to selfishly exploit the transport to carrion on the beetle. Nevertheless, this 84 

could explain why females (who invest more in this trait) may tolerate, and even benefit under some 85 

circumstances, from mites, whereas males do not.  86 

We investigated whether mites are in a by-product cleaning mutualism with burying beetles. 87 

Specifically, we asked: do female beetles benefit from the mites because they clear the carcass of 88 

microbes, and consequently reduce the costs of antimicrobial defence? We tested this idea in two ways. 89 

First we investigated whether mite presence reduces the lytic activity of the female’s anal exudates, and 90 

thereby reduces the fitness costs associated with antimicrobial defence of the carcass. In this 91 

experiment, we manipulated the bacterial community on the carcass and measured a female’s lytic 92 

activity and components of fitness in the presence and absence of mites. In a second experiment, we 93 

investigated the effect of mites on the bacterial communities growing on mouse carcasses prepared by 94 

beetles for reproduction. Using molecular approaches, including quantitative real-time PCR and 95 

culture-independent 16S rDNA-based compositional analysis of bacterial communities, we measured 96 

the bacterial load (i.e. a proxy for number of bacterial cells) on the carcass, bacterial community 97 

richness and diversity, and community composition, on carcasses with and without mites. 98 
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    99 

Methods 100 

The experiments were carried out from January to June 2012. We used beetles from a laboratory stock 101 

population established in 2005 at the University of Cambridge from wild beetles caught in woodlands 102 

surrounding Cambridge. Every summer, field-caught beetles were added to the laboratory stock to 103 

maintain genetic diversity. Maintenance of the laboratory stock is described in detail elsewhere21. In 104 

brief, the stock population was kept under standard conditions of temperature and photoperiod. Adult 105 

beetles were maintained individually in plastic boxes filled with moist soil and fed with minced beef 106 

twice a week. Sexually mature males and females (12-15 days after eclosion) were paired in plastic 107 

containers half-filled with moist soil and were provided with a thawed mouse carcass (12-16 g). 108 

Breeding pairs were kept in darkness to simulate underground conditions. Larvae hatch 72h after 109 

pairing males and females, complete their development on the carcass and start dispersing into the 110 

surrounding soil five days after hatching. Dispersing larvae were placed in plastic boxes of 5 x 5 111 

individual divisions, covered with moist compost and left to pupate (approximately 3 weeks). The life-112 

cycle of N. vespilloides therefore takes approximately 6 weeks under laboratory conditions. All mice 113 

carcasses used in this study were obtained frozen from LiveFoods DirectTM. 114 

 115 

Mite laboratory stock 116 

The mite laboratory stock was established from deutonymphs (juvenile phoretic stage) collected from 117 

field-caught beetles in September 2011. Mites were removed using a brush and tweezers and 118 

transferred to plastic containers filled with moist soil, and a single burying beetle. They were fed 119 

minced beef once per week. Once per month, we bred mites by introducing approximately ten 120 

deutonymphs into a plastic container with moist soil and a dead mouse, and adding a pair of sexually 121 

mature burying beetles. Eight days later, when reproduction was complete, the next generation of 122 
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deutonymphs was collected from the adult beetles. We anaesthetized adult beetles using CO2, removed 123 

mites with a brush and tweezers, and transferred them to plastic soil-lined containers. 124 

 125 

Experiment 1: can mites reduce lytic activity and its associated fitness costs?  126 

Two aspects of the breeding conditions were manipulated, in a 2 × 2 balanced design: the bacterial 127 

environment in the carcass; and the presence or absence of phoretic mites. We manipulated the 128 

bacterial environment by dipping mouse carcasses in a bacterial suspension, which has been shown in 129 

previous work to lead to up-regulation of lytic activity of the anal exudates of breeding females21, 130 

without directly harming females. Half of the carcasses were dipped in a bacterial suspension of 131 

Micrococcus luteus. We used M. luteus because it is a common soil bacterium and is the standard 132 

microbe used in the assay of lytic activity. Furthermore, its presence has been demonstrated to 133 

upregulate lytic activity in N. vespilloides without direct effects on the beetle’s survival21. As a control, 134 

the remaining carcasses were dipped in a sterile nutrient broth. To test whether the presence of mites 135 

affects regulation of social immunity, we added ten deutonymphs of P. carabi to half of the bacterially-136 

challenged carcasses and to half of the control-dipped carcasses. We therefore obtained four treatments: 137 

control-dipped without mites, control-dipped with mites, bacteria-dipped without mites, and bacteria-138 

dipped with mites. The average carcass mass was 10.82 ± 1.68 g, and did not vary by treatment 139 

(ANOVA: F3 = 2.032, p = 0.108) 140 

We paired 180 virgin, sexually matured females (2-3 weeks old), in three separate batches of 141 

60, with 2-3 week old unrelated virgin, sexually matured males. The pairs were distributed between the 142 

four carcass treatments. Whenever possible, tetrads of sisters were assigned to the four treatments, 143 

allowing us to control for genetic factors. A pilot experiment (Figure S1 in Supplementary Material) 144 

indicated that when females were left to prepare the carcass alone, breeding success was lower in the 145 

presence of mites. We therefore allowed males to be present during carcass preparation, removing them 146 

just before larval hatching, at approximately 60 hours after pairing. This is within the range previously 147 
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observed for male brood desertion in the presence and absence of mites14 (mean ± sd of male departure 148 

times from data presented in De Gasperin et al. 2015: 96.69 ± 45.67 h with mites; 114.41 ± 47.06 h 149 

without mites). Post-hatching care was performed exclusively by the female.  150 

After 8 days of feeding on the carcass, larvae start to disperse. At this point, we counted and 151 

weighed the larvae. In mite-infested carcasses, any deutonymphs dispersing on the females were 152 

removed after larval dispersal; females were subjected to CO2 anesthesia, and deutonymphs were 153 

removed with a fine brush. Females in mite-free treatments also underwent CO2 anesthesia and were 154 

handled with a fine brush. After dispersal, females were maintained for five days under normal stock 155 

conditions, after which they were bred once more with the same manipulation of the breeding 156 

conditions. At the end of the second breeding event, females were cleaned of mites, as described above. 157 

Subsequently, the surviving females were allowed to breed on unmanipulated carcasses without mites 158 

until they died, with five days to rest between each breeding event. In every breeding event, each 159 

female was paired with a virgin male 2-3 weeks old; all males were removed prior to larval hatching. 160 

Female lifespan and male and female pronotum width, a reliable measure of individual size, were 161 

recorded. Males used for breeding events where carcass conditions were manipulated were also kept, 162 

under standard conditions, and their lifespan was recorded. 163 

 164 

Collection and analysis of anal exudates 165 

In the first two breeding events, anal exudates were collected from females 72h after pairing, when 166 

larvae start to hatch. Lytic activity peaks in the 24h after larval hatching25, therefore making this a good 167 

point in time to assess female investment in social immunity. Female beetles readily produce anal 168 

exudates when gently tapped on the back of the abdomen. However, in some cases, females did not 169 

produce exudates (39 females in breeding 1 and 32 females in breeding 2). Exudates were collected in 170 

capillary tubes, stored in 1.5 ml Eppendorf tubes and kept frozen at -20 °C until further analysis. We 171 

performed lytic zone assays, following Cotter et al. 201021, to calculate lytic activity, in mg per ml of 172 
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lysozyme equivalents.  173 

 174 

Statistical analysis 175 

Females that never produced offspring were excluded from all analyses. We used general linear mixed 176 

models to analyse lytic activity and reproductive output in the statistical programme R (package 177 

‘lme4’26). Unless otherwise specified, p-values for lme4 models were calculated using the package 178 

‘lmerTest’27, with denominator degrees of freedom calculated from Satterthwaite’s approximation. 179 

Lytic activity was log-transformed such that model residuals met the assumptions of normality for 180 

regression. Breeding failures were removed from the analysis of lytic activity. The measures of 181 

reproductive output, recorded at dispersal, were: brood size, brood mass, average larval mass and larval 182 

density (brood size divided by carcass mass). In all models regarding reproductive output, we initially 183 

included carcass mass (excluding larval density) and female pronotum width as covariates. For analysis 184 

of survival, we used mixed effects Cox proportional hazards models (package ‘coxme’28), with female 185 

pronotum width as a covariate.  In most models we used a nested random structure, with female 186 

identity and female family (to account for variation due to genetic relatedness) nested in block. We 187 

applied model selection to find the minimal adequate model, following Zuur et al. (2009). Model 188 

selection was applied to models fitted with Maximum Likelihood (ML), and the minimal adequate 189 

model was then re-fitted with Restricted Maximum Likelihood (REML). All tables show minimal 190 

adequate models.  191 

 192 
Experiment 2: do mites alter bacterial communities on the carcass? 193 

We repeated the manipulations to carcasses described above, obtaining again four treatments (N = 6 per 194 

treatment):  control-dipped without mites, control-dipped with mites, bacteria-dipped without mites, 195 

and bacteria-dipped with mites. We randomly paired males and females from the stock and allowed 196 

each pair to prepare a carcass. When carcass preparation was complete (60h after pairing) we removed 197 
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the pairs and sampled the carcasses for bacterial DNA. The sampling protocol is described in detail in a 198 

previous study30. In brief, we washed carcasses in PBS to collect bacterial cells, pelleted the bacterial 199 

cells by centrifugation and kept pelleted material at -80 °C until DNA extraction. We isolated DNA 200 

using the FastDNA® Spin Kit for Soil (MP Bio Laboratories, Inc. Carlsbad, CA, USA), taking a 201 

volume of 750 µl of pelleted material from each sample to normalize the amount of bacterial DNA 202 

sampled. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on a fragment of 203 

the 16S rRNA-encoding gene (detailed methods in Supplementary Material), to assess bacterial 204 

abundance in the different treatments. Libraries for sequencing were prepared by an initial PCR-205 

amplification of the full length bacterial 16S rRNA-encoding gene; PCR products were used in a 206 

second PCR, to amplify the V3 region of the 16S rRNA-encoding gene with Illumina-compatible 207 

primers. High-throughput paired-end sequencing was performed in an Illumina MiSeq instrument at the 208 

DNA Sequencing Facility (Department of Biochemistry, University of Cambridge). Sequence reads 209 

were de-noised and analyzed using MOTHUR  v.1.35.1 (www.mothur.org) software package31, 210 

following the Standard Operating Procedure described in Kozich et al. (2013) and MOTHUR’s 211 

Wikipedia page (http://www.mothur.org/wiki/MiSeq_SOP, accessed August 2015). Full details are 212 

provided in the Supplementary Material.  Sequences were clustered into operational taxonomic units 213 

(OTUs), using the average neighbour algorithm33 with a cut-off distance of 0.03. A consensus 214 

classification for each OTU was obtained. We generated a data matrix with every OTU and the number 215 

of reads belonging to each sample assigned to each OTU. To control for differences in the number of 216 

reads obtained per sample, we used a sub-sample of the dataset in all analyses.  217 

 218 

Statistical analysis 219 

We tested for differences in bacterial DNA concentration between treatments, calculated by qPCR, 220 

with a general linear model. Community richness and diversity (inverse Simpson index) were analyzed 221 

with a general linear model, with mite exposure and carcass dipping treatment as factors. Differences in 222 
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community composition were tested with PERMANOVA in R (package ‘vegan’34). The same model 223 

structure as the ANOVAs described above was used for PERMANOVA. Multivariate group 224 

dispersions (variances) were calculated with the package ‘vegan’ and an ANOVA was performed to 225 

test for multivariate homogeneity of variances.  226 

To discern which bacterial groups may be affected by the presence of mites, we used Indicator 227 

Species Analysis in R35 to identify OTUs strongly associated with the occurrence of mites. Indicator 228 

Species Analysis is a standard community ecology approach taking into account both relative 229 

abundance (read numbers, in this case) and relative frequency of occurrence in various sites36. An OTU 230 

has maximal Indicator Value when all of its occurrences are found in a single site (i.e., treatment) and 231 

when it occurs in all instances of that group (i.e., all samples within a treatment).   232 

 233 

Data Availability  234 

The datasets generated and analysed during the current study are available in the Cambridge Apollo 235 

repository (https://doi.org/10.17863/CAM.9284). DNA sequences are available in the NCBI 236 

Sequence Read Archive, BioProject RJNA384609. 237 

Results 238 

Experiment 1: can mites reduce lytic activity and its associated fitness costs?  239 

Lytic activity in response to manipulations of breeding conditions 240 

We found no significant interaction between mite presence and bacterial challenge on lytic activity 241 

(estimate = -0.25, t77.64 = -0.73, p = 0.47). However, our minimal adequate model showed that both 242 

mite and bacterial treatments were involved in statistically significant interactions with other covariates 243 

(Table 1). Females breeding with mites showed significantly lower lytic activity than females breeding 244 

without mites in the first breeding event (Figure 1, Tukey post-hoc test: estimated difference = 0.59, 245 

t132.11 = 2.67, p = 0.042), but not in the second breeding event (estimated difference = -0.11, t135.88 = -246 
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0.422, p = 0.97).  247 

We also found a significant interaction between the bacterial treatment and female size on lytic 248 

activity (Table 1).  Figure 2 shows the predicted partial effects of female size and bacterial challenge 249 

(having averaged over all other effects): in carcasses that were not bacterially challenged, lytic activity 250 

was positively associated with female size. In bacterially-challenged carcasses, lytic activity was 251 

relatively high at all female sizes (but showed a non-significant trend of a decrease with female size; 252 

linear regression slope = -0.20, F1,72 = 0.16, p = 0.69). Taken together, the evidence suggests that 253 

smaller females increase lytic activity in response to a bacterial challenge, but larger females show high 254 

lytic activity regardless of bacterial conditions on the carcass.  255 

  256 

Survival 257 

We found a significant interaction between the effects of presence of mites and the bacterial treatment 258 

on female survival: for females that bred on control-dipped carcasses, the presence of mites had a 259 

positive effect on survival (Table 2; Figure 3). For females that bred in bacteria-dipped carcasses, the 260 

presence of mites had no effect on survival. Female size had no effect on survival and did not interact 261 

significantly with treatment to influence survival (Table 2). 262 

 We recorded survival for males breeding with females during the female’s first two breeding 263 

bouts. As found previously19, male survival was negatively affected by the presence of mites (Table 2). 264 

Carcass-dipping treatment had no effect on male survival. Males whose partners were on their second 265 

breeding event had shorter lifespans than males paired with virgin females. Carcass mass had a 266 

significant positive effect on male survival (Table 2).   267 

 268 

Reproductive output 269 

Reproductive output (per brood) was measured in terms of brood size, brood mass, larval density 270 

(brood size at dispersal divided by carcass mass) and average larval mass. We also tested for 271 
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differences in lifetime reproductive success (LRS) between treatments. Brood size, brood mass and 272 

larval density were not affected by mite presence or bacterial treatment (Table S2), nor was there an 273 

interaction between carcass treatments and breeding event for any of the brood measures Table S2 and 274 

Table 3, Figures S2-S5 in Supplementary Material). Overall, reproductive output was similar in the 275 

first two broods and started to decline in the third breeding event. Average larval mass (Table 3, Figure 276 

S5) was significantly lower in the second breeding event, when compared with the first breeding. 277 

Average larval mass increased significantly with carcass mass. Furthermore, an interaction between 278 

female size and mite treatment (Table 3, Figure S6) suggests a tendency for larger females to produce 279 

heavier larvae in the presence of mites. This interaction became marginally significant once three 280 

outliers were removed (model without outliers is shown in Table S3).  For lifetime reproductive 281 

success (LRS), we found a significant interaction involving mite and bacterial treatment (Table 4), 282 

which became marginally significant when an outlier was removed (Table S4). Plotting this interaction 283 

suggests a similar pattern as the one found for female survival: females on carcasses without bacterial 284 

challenge tended to have slightly higher LRS when breeding alongside mites; females on bacterially 285 

challenged carcasses showed a tendency for lower LRS when breeding alongside mites (Figure S7).  286 

 287 

Experiment 2: do mites alter bacterial communities on the carcass? 288 

First, we tested whether mites were reducing bacterial load, i.e. the number of bacterial cells, measured 289 

by qRT-PCR. The presence of mites had no effect on the bacterial load on carcasses (t21 = -0.70, p = 290 

0.49). Carcasses dipped in bacterial suspension showed significantly higher bacterial load than 291 

carcasses dipped in sterile nutrient broth (t21 = 2.68, p = 0.01). There was no interaction between 292 

carcass-dipping and mite treatment on bacterial load (F = 0.63, p = 0.44).  293 

Next, we tested whether mites affect the carcass bacterial community by reducing the number of 294 

bacterial species (i.e. species richness) and/or their diversity. Values of observed richness and diversity 295 

for each sample are provided in Table S1 of the Supplementary Material. There was a significant 296 
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interaction between the presence of mites and the carcass-dipping treatment on the number of observed 297 

OTUs: when carcasses were dipped in bacterial suspension, the presence of mites had no effect on 298 

observed richness (Tukey post-hoc test: t = -0.50, p = 0.62; Figure 4); when carcasses were dipped in 299 

sterile nutrient broth, the presence of mites was associated with higher number of observed OTUs (t = -300 

3.32, p = 0.003; Figure 4A). Community diversity (calculated with the inverse Simpson index) 301 

increased in the presence of mites (t = 2.38, p = 0.03; Figure 4B).   302 

 303 

Lastly, we tested whether differences could be found in the membership of the bacterial communities 304 

growing on carcasses, and which bacterial groups could be driving differences between treatments. We 305 

found that mite treatment had a significant effect on community composition (PERMANOVA: Pseudo-306 

F = 8.71, p = 0.001; Figure 5), but there was no effect of dipping carcasses in a bacterial culture 307 

(Pseudo-F = 1.55, p = 0.19; Figure 5). Differences between mite treatments cannot be attributed to 308 

different multivariate group dispersions, as these were found to be homogeneous (ANOVA:  F3 = 0.81, 309 

p = 0.50). Reads assigned to Pseudomonadales were more frequent in carcasses with mites than 310 

carcasses without mites, whereas reads assigned to Xanthomonadales were in higher proportion of in 311 

mite-free carcasses (Figure 5).  312 

We then performed Indicator Species Analysis to statistically test which groups drive the 313 

differences between bacterial communities. Since carcass-dipping treatment had no effect on 314 

community composition, we grouped samples by mite treatment, and looked for OTUs which were 315 

significantly associated with mite presence and absence (Table 5). We found four OTUs significantly 316 

associated with the presence of mites on carcasses: two Pseudomonadales (Acinetobacter and one 317 

unclassified), one Flavobacteriales (Myroides) and one Enterobacteriales (unclassified). A single 318 

Xanthomonadales (Wohlfahrtiimonas) OTU was significantly associated with the absence of mites. The 319 

genus Wohlfartiimonas has two characterized species, both found in flies (Order Diptera) which feed 320 

on decaying organic matter 37,38. All indicator OTUs have been previously found in association with 321 
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beetle-prepared carcasses (such as Acinetobacter and Myroides)30 or gut bacterial communities of 322 

burying beetles (such as Wohlfahrtiimonas)30,39.   323 

Overall, the bacterial communities in the present study were qualitatively similar in composition 324 

to the communities found previously in carcasses prepared by field-collected beetles in field-collected 325 

soil30, where the most abundant groups were also Bacillales, Flavobacteriales, Clostridiales and 326 

Pseudomonadales. Interestingly, despite the increased bacterial load in bacterially-challenged 327 

carcasses, we did not find any sequences belonging to M. luteus (Order Micrococcales), the bacterium 328 

used for the bacterial challenge treatment, in any of the carcass samples. This could be due to the high 329 

susceptibility of M. luteus to the antimicrobial exudates produced by N. vespilloides21,22, or to an 330 

inability of this bacterium to colonize the carcass. 331 

 332 

Discussion  333 

In this study we investigated whether burying beetles outsource some of the costs associated with 334 

antimicrobial defence of the carcass to mites, who may reduce microbes on the carcass as a by-product 335 

of grazing on the carrion’s surface. We found little support for this idea. Females did reduce their lytic 336 

activity in the presence of mites, but only in their first breeding event (Figure 1). Furthermore, although 337 

mites had a weak but beneficial effect on female survival and lifetime reproductive success (Figure 3), 338 

this was only the case when females bred on control carcasses that had been dipped in sterile nutrient 339 

broth. If mites clear the carcass of microbes, we would expect the benefits of breeding with mites to be 340 

clearer in the females breeding on carcasses exposed to a bacterial challenge. Instead, these females 341 

showed a weak tendency for shorter lifespan and life-time reproductive success than females breeding 342 

without mites. We also found that mites did not reduce bacterial load on the carcass, but that their 343 

presence was instead associated with higher bacterial richness and diversity. 344 

Contrary to the expectation from the cleaning mutualism hypothesis, females only benefited 345 
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from the presence of mites when carcasses were not bacterially-challenged. However, the reduction in 346 

female lytic activity during the first breeding event associated with mites was observed in both 347 

bacterially-challenged and unchallenged carcasses. We consider two possibilities to account for the 348 

observed reduction in lytic activity. The first, outlined in Figure 6A, is that mites decrease the size or 349 

value of the current brood, which could lead females to reduce their investment in the first brood, in 350 

anticipation of a more successful second breeding attempt. We found no evidence to support this 351 

suggestion. Neither brood size nor brood value (i.e. brood mass, average larval mass, larval density) 352 

decreased in the presence of mites, just as we found previously when we allowed males to desert the 353 

brood after carcass preparation14. 354 

An alternative possibility is that beetles are instead modulating their lytic activity in response to 355 

changes in the bacterial community on the carcass (Figure 6B). The main active component of burying 356 

beetle anal exudates is an insect lysozyme40,41. Due to the absence of a lipopolysaccharide layer 357 

protecting the cell wall, Gram-positive bacteria are more sensitive to the action of lysozyme than their 358 

Gram-negative counterparts42. The groups of bacteria showing the largest differences in relation to 359 

mites were Pseudomonadales (abundant in the presence of mites) and Xanthomonadales (abundant in 360 

the absence of mites) (Figure 5). These bacterial groups are both Gram negative, and hence less likely 361 

to be affected by lysozyme. Our results suggest that the observed changes in bacterial communities are 362 

not caused by changes in lytic activity that are provoked by mites interacting directly with beetles. 363 

Instead, our data suggests that the mites themselves are changing bacterial communities on the carcass 364 

and this is causing a change in the beetle’s lytic activity. For example, by increasing the abundance of 365 

Gram negative, lysozyme-resistant groups such as Pseudomonadales, mites may decrease the efficiency 366 

of lysozyme as a strategy for bacterial manipulation. This would imply that beetles regulate their lytic 367 

activity in relation to bacterial richness and diversity, as well as abundance (as shown in Cotter et al. 368 

201021). Further work is needed to understand the functional significance of the observed changes in 369 

bacterial community composition. 370 
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If the effect of mites on lytic activity is indeed a consequence of altered bacterial cues, why is 371 

this effect only observed in first-time breeders? One possibility is that younger individuals (first-time 372 

breeders) are more sensitive to environmental cues than older individuals because younger individuals 373 

have more residual reproductive value. There could therefore be stronger selection for young first-time 374 

breeders to adjust their phenotype to environmental conditions43,44. Further studies are needed to 375 

explore age-dependent plasticity in the antimicrobial defences of burying beetles.  376 

Previous work has also shown that lytic activity increases when females bred in bacteria-dipped 377 

carcasses21, yet in the current study the effect was strongly size-dependent.  We found that smaller 378 

females up-regulated lytic activity in response to a bacterial challenge, but larger females did not, 379 

showing consistently high lytic activity across environments instead. Contrary to Cotter et al. (2010)21, 380 

we did not find a clear fitness cost associated with up-regulating lytic activity, as the microbial 381 

challenge did not result in a shorter lifespan, nor decreased lifetime reproductive success.  These results 382 

were not caused by variation in female size. Nor did bacterial treatment have any effect on most 383 

measures of reproductive output. The contrasting findings are instead more likely explained by a 384 

difference in the experimental protocol. In the study of Cotter and colleagues, males were removed 385 

after 24h, before carcass preparation was complete. Here we allowed males to be present during carcass 386 

preparation, and to share the costs of carcass preparation with the female19. Our results suggest that 387 

fitness costs of up-regulating lytic activity are conditional on other energetic requirements, which may 388 

be greater when females perform pre- and post-hatching care by themselves. Similar context-dependent 389 

costs have been found for personal immunity in bumblebees45 and house-sparrows46.  390 

 We note that many of our analyses (e.g. lytic activity, larval mass and LRS; Tables 1, 3 and 4) 391 

indicate statistically significant interaction effects with p-values close to the cut-off of 0.05 for 392 

significance. Given the recent discussion of the 'replication crisis' in scientific research47 and the 393 

contrasts between our results and those of similar studies (as discussed above), additional studies of 394 

these effects would be particularly useful in determining whether these interactions stand up to further 395 
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scrutiny.  396 

 397 

Concluding remarks 398 

We have not found evidence demonstrating the existence of a by-product cleaning mutualism between 399 

burying beetles and mites. On the one hand we found that the mites are associated with a reduction in 400 

lytic activity and a tendency for increased fitness in female burying beetles. Yet these benefits are weak 401 

and most likely to be gained when females are breeding alone, and for the first time, and when the 402 

carcass is not bacterially-enriched, which contradicts expectations for a cleaning mutualism. Our results 403 

suggest that the combination of mites and bacterial challenge has negative effects on female fitness. We 404 

have also confirmed previous results that mites have detrimental effects on male burying beetles. Thus, 405 

like many interspecific interactions on the parasite-mutualism continuum, the outcome of  the burying 406 

beetle-mite interaction is context-dependent2, fluctuating from parasitic to commensal to mutualistic 407 

according to which family member is involved and the wider ecological conditions. On the other hand, 408 

although we found that mites change the bacterial communities on the carcass, we do not yet know the 409 

functional significance of these changes from the beetle’s perspective, nor that they directly caused the 410 

reduction in the lytic activity of the beetle’s anal exudates. These changes might arise simply as a 411 

consequence of mites foraging on carrion, and may be selectively neutral from the beetle’s perspective. 412 

An alternative possibility is that the mite-induced increase in bacterial richness and diversity on the 413 

carcass promotes resistance to colonization by harmful microbes, but this remains to be tested in future 414 

work. 415 
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Figure Legends 546 

Figure 1. Female lytic activity (in mg/ml lysozyme equivalents) is lower in the presence of mites, in 547 

the first breeding bout, but not the second. Large circles represent least-square means recovered from 548 

the general linear mixed model in Table 1, vertical lines are standard errors from the same model. 549 

Small circles represent data points.  550 

 551 

Figure 2.  Relationship between lytic activity and female size depends on the microbial environment of 552 

the carcass. Circles show raw data. Black solid lines show predicted lytic activity values from a GLMM 553 

(Table 1) for a dummy data set of female size. Blue dotted lines show the 95% confidence interval for 554 

model predictions, derived with bootMer method. Black dotted lines indicate median female pronotum 555 

width. 556 

 557 

Figure 3. Survival curves for females across the four treatments. There is an interaction between mite 558 

and bacterial treatment, with females surviving slightly longer when they have bred alongside mites, on 559 

carcasses dipped in sterile nutrient broth.  560 

 561 

Figure 4. a) Observed richness and b) diversity (Inverse Simpson index) of bacterial communities on 562 

the carcasses across four treatments. 563 

 564 

Figure 5. Composition of bacterial communities, classified to the order level, across the four 565 

treatments. Vertical axis depict the percentage of reads classified as belonging to a particular order. 566 

Each stacked bar corresponds to a single carcass. 567 

 568 

Figure 6. Scheme of how phoretic mites could affect social immune response (measured as lytic 569 

activity) and burying beetle fitness. A) Mites directly affect brood size and/or value (positively or 570 



24 
 

negatively), with direct fitness consequences for the burying beetle. Independently, the microbial 571 

environment alters the cost-benefit ratio of investment in lytic activity, and this is modulated 572 

accordingly, causing consequent changes in beetle fitness. B) Mites directly affect the microbial 573 

environment, resulting in a change in bacterial cues that are used to stimulate lytic activity, with 574 

consequent changes in beetle fitness. In addition, or instead, mites influence the abundance of key 575 

bacterial groups and this has direct fitness consequences for the burying beetle. 576 

 577 

  578 
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Table 1. Summary of linear mixed model fitted by restricted maximum likelihood (REML) with 579 

female log lytic activity as response variable. Model parameter estimates (value) and standard error 580 

(SE) are provided, as well as t-values and p-values for the estimates (p-values < 0.05 are statistically 581 

significant, in bold).   582 

 Value SE DF t-value p-value 

(Intercept)  -6.86 3.08 95.04 -2.22 0.03 * 

bacterial challenge 8.32 3.80 91.50 2.19 0.03 * 

mite presence -0.59 0.22 132.11 -2.68 0.008 ** 

female size 1.35 0.61 95.27 2.20 0.03 * 

breeding event -0.29 0.21 66.22 -1.33 0.19 

bacteria-dipping × female size -1.64 0.76 92.05 -2.17 0.03 * 

mite presence × breeding event 0.70 0.32 70.46 2.21 0.03 * 

Marginally non-significant: p < 0.1 . ; significant: p < 0.05 *, p < 0.01 **, p < 0.001 *** 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 
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Table 2. Cox Proportional Hazards mixed effects model for female and male survival (i.e. days post-595 

eclosion). Coefficient values are estimates of the effect of a factor on the risk of death; hence negative 596 

values indicate a positive effect on survival. Standard error (SE), z-values and p-values for the 597 

estimates are provided (p-values < 0.05 are statistically significant, in bold).   598 

 599 

 Coefficient SE z-value p-value 

Female     

bacterial challenge -0.34 0.23 -1.46 0.14 

mite presence -0.42 0.24 -1.74 0.08 . 

bacterial challenge × mite presence 0.71 0.33 2.13 0.03 * 

Male     

mite presence 0.37 0.14 2.59 0.01 * 

female breeding bout 0.58 0.14 4.03 0.00055 *** 

carcass mass -0.11 0.04 -2.41 0.016 * 

Marginally non-significant: p < 0.1 . ; significant: p < 0.05 *, p < 0.01 **, p < 0.001 *** 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 
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Table 3. Summary of linear mixed models for average larval mass, fitted with REML. The overall 610 

effect of breeding event was tested with likelihood ratio tests, for which we provide Χ2 test statistics 611 

and p-values. Model parameter estimates (value) and standard error (SE) are provided, as well as t-612 

values and p-values for the estimates (p-values < 0.05 are statistically significant, in bold).   613 

Average larval mass Value SE DF t-value Χ2 p-value 

(Intercept) 0.21 0.06 110.81 3.69  3.5 × 10-4 *** 

mite presence -0.18 0.08 112.43 -2.12  0.04 * 

carcass mass 0.004 0.001 222.34 3.273  0.001 ** 

breeding event 2 -0.01 0.004 165.27 -3.15  0.002 *  

breeding event 3 -0.008 0.005 180.80 -1.64  0.10 

breeding event 4 -0.003 0.008 189.71 -0.32  0.75 

breeding event (overall) - - 3 - 9.56 0.02 * 

female size -0.02 0.01 110.42 -1.80  0.075 . 

mite presence × female size 0.036 0.017 112.74 2.12  0.04 * 

Marginally non-significant: p < 0.1 . ; significant: p < 0.05 *, p < 0.01 **, p < 0.001 *** 614 

 615 

 616 

 617 

 618 

 619 

 620 

  621 



28 
 

Table 4. Summary of linear mixed model for lifetime reproductive success (LRS), fitted with REML. 622 

Model parameter estimates (value) and standard error (SE) are provided, as well as t-values and p-623 

values for the estimates (p-values < 0.05 are statistically significant, in bold).   624 

LRS Value SE DF t-value p-value 

(Intercept) 27.716 5.291 3.720 5.238 0.008 ** 

mite presence 5.997 4.519 109.790 1.327 0.19 

bacterial challenge 4.672 4.446 107.860 1.051 0.29 

mite presence × bacterial challenge -12.947 6.246 108.94 -2.073 0.04 * 

Marginally non-significant: p < 0.1 . ; significant: p < 0.05 *, p < 0.01 **, p < 0.001 *** 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 
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Table 5. Bacterial taxa associated with different treatments using Indicator Species Analysis. Samples 641 

were grouped by mite treatment to identify bacterial OTUs associated with the presence versus absence 642 

of mites. Only significant (p < 0.05) taxa with Indicator Value (IV) > 0.85 are shown.  643 

 644 

5Treatment Order Family Genus No of 
OTUs IV 

Mites present 

Pseudomonadales Moraxellaceae Acinetobacter 1 0.92
Flavobacteriales Flavobacteriaceae Myroides 1 0.89

Pseudomonadales Moraxellaceae Unclassified 1 0.89 
Enterobacteriales Enterobacteriaceae Unclassified 1 0.85

Mites absent Xanthomonadales Xanthomonadaceae Wohlfahrtiimonas 1 0.96
 645 
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