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of seed-harvesting Messor ants (Formicidae)

THOMAS PARMENTIER," MIQUEL GAJU-RICART,*

TOM WENSELEERS?2and RAFAEL MOLERO-BALTANA S* 'Terrestrial
Ecology Unit (TEREC), Department of Biology, Ghent University, Ghent, Belgium, >Laboratory of Socioecology and

Socioevolution, KU Leuven, Leuven, Belgium, *Research Unit of Environmental and Evolutionary Biology, Namur Institute of

Complex Systems, and Institute of Life, Earth, and the Environment, University of Namur, Namur, Belgium and *Deptartamento de

Zoologia, University of Cérdoba, Cérdoba, Spain

Abstract. 1. A diverse group of arthropods have adapted to the niches found inside the
nests of social insects. Studies mostly focused on very specialised parasites residing in
the brood chambers. However, the biology and strategies of symbionts occupying other
niches, such as waste dumps, are underexplored.

2. Using a series of complementary experiments, this study demonstrated that the
Mediterranean beetle Oochrotus unicolor has adapted to the waste dump niche found
in the nests of Messor harvester ants.

3. Laboratory experiments confirmed field observations that the beetle preferentially
resided in the refuse pits. Next, it was shown that the beetles readily consumed seeds and
flour, whereas other food sources were poorly accepted and ant brood was never even
eaten. The beetles did not elicit a strong aggression response in Messor ants, and they
could tolerate very high densities of workers without clear costs. The beetles modestly
mimicked the nest recognition cues of their Messor host. This imperfect mimicry could
promote the adoption of the beetle in the ant colony, in concert with mechanical defence
generated by its tank-like body. Isolation of the beetle from its host did not significantly
affect the beetle’s chemical cuticular profile nor did it provoke elevated ant aggression,
indicating that the beetle does not acquire the chemicals passively from its host.

4. This paper discusses the fact that waste dumps in social insect nests are hotspots
for arthropod symbionts. It shows that symbionts in this niche may employ behavioural,
trophic and chemical strategies that are different from those found in other niches of
social insect nests.

Key words. Ant guest, chemical mimicry, commensalism, hydrocarbon, inquiline,
myrmecophily.

Introduction

It is widely supported that niche diversity, resource availability,
and ecosystem stability have a strong positive effect on species
diversity and maintenance in large-scale ecosystems (Chesson,
2000; Fine, 2015). These factors are also proposed as primary
determinants of diversity in natural microcosm ecosystems,
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as shown in aquatic microcosm communities of rock pools
(Brendonck et al., 2015), bromeliads (Richardson, 1999; Arm-
bruster et al., 2002), and pitcher plants (Krieger & Kourtev,
2012). Terrestrial natural microcosms with an astonishing high
diversity of arthropods can be found in the nests of social insects
(Wilson, 1971; Kistner, 1979; Holldobler & Wilson, 1990).
Social insect associates are attracted to the nest by a constant
supply of resources and the relatively stable, homeostatic con-
ditions (Rosengren et al., 1987). There is a tendency for social
insects with larger nests and a higher variety of nest niches to
attract a more diverse fauna of inquiline arthropods (Hughes
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et al., 2008; Kronauer & Pierce, 2011; Cristaldo et al., 2012).
Within nests of social insects, one can discern different types
of niches which attract other groups of inquilines. So far, most
research has focused on inquilines living in the central brood
chambers of social insect nests. This niche is mostly occupied
by very specialised parasites that feed on the valuable brood.
A classic example are the caterpillars of Maculinea butterflies,
which are treated as true nest mates (no aggression, groomed,
fed and transported) by their Myrmica host workers (Nash et al.,
2008). The body of host workers is another niche occupied by
many symbionts. Some, such as the notorious Varroa mites,
live as ectoparasites on the body surface, whereas endoparasites
live inside the host body (Lachaud & Pérez-Lachaud, 2015).
The body niche may be even compartmentalised in multiple
‘subniches’ when the ectoparasites have adapted to different
body parts (Rettenmeyer et al., 2011). Nest chambers with food
storage are also colonised by inquilines, as exemplified by the
arthropods living in fungus gardens of termites and leaf-cutter
ants (Kistner, 1982; Nehring et al., 2016). Another major niche
that is occupied by many symbionts is found in the waste dumps
or refuse piles in and around the nest entrances. These dumps
are especially formed by species that produce excessive loads of
waste (Bot et al., 2001; Hart, 2002). Coordinated waste disposal
is a part of an intricate waste management system and helps to
reduce the spread of pathogens (Bot et al., 2001).

The type of preferred niche is tightly linked with the
behavioural, chemical, and trophic strategies employed by
the symbionts. Inquilines living in the dense brood chambers
are typically fully integrated into the colony and do not provoke
aggression (but see Thiasophila angulata in Parmentier et al.,
2018). They stay undetected by mimicking the blend of cutic-
ular hydrocarbons (CHCs) of their host, which act as the nest
recognition cues in social insects (van Zweden & d’Ettorre,
2010). These species mostly feed on brood or may be fed by the
workers that regurgitate liquid food (trophallaxis) (Holldobler
& Wilson, 1990). Symbionts occupying niches with lower
densities of workers, such as the peripheral chambers or waste
dumps, tend to be less specialised and provoke aggression to
different degrees. These symbionts do not generally employ
chemical deception, but rather capitalise on general defence
strategies such as chemical repellency, hiding behaviour, swift
movements and defensive, armoured bodies (Kistner, 1979;
Parmentier et al., 2017a). They mainly scavenge on decaying
food remains, dead workers, fungi, and organic material, but
may feed on other inquilines as well (Parmentier et al., 2016a).

A unique niche in ant nests is the waste dump (chaff or refuse
pile) of seed harvester ant species. Granivory is a strategy that
evolved in many ant lines (Holldobler & Wilson, 1990; Johnson,
2001) and has been perfected in species found in the genera
Messor and Pogonomyrmex. Granivorous specialists primarily
feed on collected seeds in the nest and the workers may have
specific adaptations such as a psammophore (structure under
the head to hold seeds) or a major worker caste with very big
heads specialised in seed milling (H6lldobler & Wilson, 1990).
Seed harvester ants typically store seeds in chambers in the
nest and have a profound effect on the dynamics and vegetation
of dry grasslands and semi-arid environments (Johnson, 2001).
Granivory generates large amounts of waste, such as seed parts,

fruits, husks, spikes, and organic debris which are carefully
disposed of in superficial chambers and around the nest openings
(Holldobler & Wilson, 1990; Steinberger et al., 1991). The nests
of seed-harvesting ants attract a diverse, yet understudied, fauna
of ant inquilines or myrmecophiles (Lavigne, 1969; Cushing,
1998; Uppstrom & Klompen, 2011; Molero-Baltands et al.,
2017), which is probably promoted by the presence of the
garbage dumps. Previously, it has been reported that the beetle
Araeoschizus is specifically associated with the waste chambers
of Pogonomyrmex harvester ants (Lavigne, 1969; Clark & Blom,
1988).

The strategies of inquilines living in the brood chambers
of social insects are much better explored (Holldobler, 1967;
Cammaerts, 1995; Akino & Knapp, 1999; Di Giulio ef al., 2015)
than those of other niches. It would be useful to broaden our
knowledge on the adaptations and strategies of social insect
associates that colonise non-brood associated niches such as
waste dumps. An apparently unspecialised beetle is the obligate
myrmecophile Oochrotus unicolor Lucas, 1852, a darkling
beetle (Tenebrionidae) with reduced eyes and associated with
Messor seed harvester ants (Wasmann, 1894; Donisthorpe,
1927a; Soldati & Soldati, 2000). Our aim was to demonstrate
that this peculiar beetle is adapted to the unique seed waste dump
niche of its granivorous host. Therefore we examine the niche
preference of this species and link this with its behavioural,
chemical (CHCs), and trophic strategies.

Materials and methods
Study species and sampling

Messor barbarus (Linnaeus, 1767) is a common ant in south-
ern Europe (Cerdan, 1989; Seifert, 2007). It is a granivorous
specialist which forages in dense trails for seeds. The seeds are
stored in granaries and subsequently consumed in the nest. The
waste is disposed of near the nest openings, but also superficial
chambers may be partly filled (R. Molero-Baltands & T. Parmen-
tier, pers. obs.; Holldobler & Wilson, 1990). The worker caste
is strongly polymorphic and the major caste often has brownish
heads (Fig. 1a) (Seifert, 2007). We typically found M. barbarus
nests by lifting large stones. We did not excavate the whole
nest, but rather scanned the exposed galleries and chambers for
the associated O. unicolor beetles. Chaff and debris were reg-
ularly found in the galleries under the stones (Fig. 1b). The ant
workers and beetles were collected using an aspirator and stored
with nest material in plastic containers with a moist plaster bot-
tom. The glass recipient of the aspirator was regularly cleaned
with hexane to avoid cross-contamination of chemical cues. We
collected Oochrotus beetles in five M. barbarus nests over the
course of April and May 2019. Two nests with beetles were
found in the south of Spain (C1, 38°35'55.27"N, 4°55'0.25"W
in the Sierra Morena mountains, to the north of Cérdoba; and
C2, 37°52'24.56""N, 4°50'8.06"”W, near Coérdoba) and three
nests with beetles were found near Perpignan, in the south of
France (R1, 42°31'49.92”N, 2°56'4.46"E; R2, 42°31'52.97"N,
2°55'56.66"E; R3, 42°31’48.62"'N, 2°56'7.58"E). We kept the
collected beetles with workers (minimum 200 workers), nest
material, and brood of the host colony in separate artificial nests
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(container, 8.5 cm diameter, height 13.5 cm, with Fluon coating)
in the laboratory. We provided sugar water (30%) and flour ad
libitum. Beetles and workers of nest C2 and R3 were directly
stored in glass vials at =21 °C.

In addition to the five nests in which we collected beetles, we
also scanned 32 other M. barbarus nests in the Cérdoba area
to assess the distribution and densities of the beetles. To do so,
we used three methodologies: (i) digging up nests; (ii) analysing
nest material using a Berlese-Tullgrem funnel; and (iii) lifting
stones covering the nests.

Experiment 1: Nest localisation preference

To test whether the beetles were attracted to the refuse piles in
Messor nests, we crafted an artificial laboratory nest composed
of six round plastic pots (diameter bottom 4.5 cm, height 7 cm).
The pots were connected with plastic tubes (length 1 cm, inner
diameter 1 cm) in such a way that every pot was connected with
two other pots (cf. setup in Parmentier et al., 2016b; Fig. 1d).
The pots and tubes were filled with a layer of plaster of Paris to
keep the nest moist. The upper part of the pots was coated with
Fluon to prevent the ants and beetles from escaping. In five pots
we added 12 ml of sandy soil in which the Messor nests were dug
out. In one pot we spread 12 ml of organic material collected in
refuse pits of the Messor nests. We added between 250 and 360
workers of M. barbarus, c. 50 larvae and egg piles, and a variable
number of Oochrotus beetles in the different replicates. Ants,
nest material, and beetles of nests R1 and R2 were each used in
two replicates, resulting in a total of four replicates. Different
beetles were tested in every replicate (replicate 1 of R1, N= 18;
replicate 2 of R1, N= 21; replicate 1 of R2, N = 16; replicate
2 of R2, N = 13), ants (R1, 360 workers; R2, 250 workers) and
brood were reused. In one pot (nest chamber) we laid a small
piece of plaster on the soil material to stimulate the workers to
store their brood underneath (Fig. 1d). We aimed to have a nest
with one chamber with all the brood, four peripheral chambers,
and one chamber with the refuse material. The pots were closed
with a lid with some pinholes and stored in complete darkness.
After 48 h, we sealed the nest chambers with a cotton plug and
sieved the nest material of the different chambers in a large tray.
All introduced beetles were still alive after 48h.

For each of the four replicates, we ran a two-sided exact
binomial test to determine whether the number of beetles in
the refuse chamber deviated from 1/6. When the beetles were
attracted to the refuse chamber, we expected in a six-chamber
nest that more than one-sixth of the tested beetles would be
found in this refuse chamber.

Experiment 2: Trophic ecology of Oochrotus

By offering different potential food sources present in a
Messor nest to the beetles, we aimed to infer the feeding
preferences of this beetle. Beetles were starved for 1 day before
a trial. Beetles were then individually housed in small Petri
dishes (diameter 5cm) with a moistened plaster bottom. We
added charcoal to the plaster to increase the visual contrast
with the food sources. Next, one of the following food sources
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was added: slightly crushed grass seed (four to six), fresh yeast
(g), flour (g), a cut maggot of Phaenicia sericata, a small M.
barbarus larva, a M. barbarus egg, and a dead M. barbarus
worker. We recorded the behaviour of the tested beetle under
red light for 1h. A food item was accepted if we observed the
beetle licking, dragging, or biting it for at least 30 s. Petri dishes
with ant larvae and ant eggs were left in darkness for 24 h and
then checked for consumption by the beetles. Replicates of a
food source were tested with unique beetles from nest C1 and
R3. Some beetles were used again in trials with another food
source, but this was again preceded by a starvation period of 1
day. Some myrmecophiles may steal a food droplet from their
host by engaging in trophallaxis (H6lldobler & Wilson, 1990;
Cammaerts, 1995). We did not test this feeding strategy for O.
unicolor, because trophallaxis between M. barbarus workers
was never observed.

Experiment 3: Behavioural interactions between ant and beetle

Aggression of M. barbarus and other ant species towards
the beetle. We scored the aggression response of different
ant species towards the beetle. We hypothesised that non-host
ants would behave much more aggressively towards the beetle
than the preferred Messor host. The following ant species
were tested: M. barbarus, Aphaenogaster senilis, Camponotus
micans, Pheidole pallidula, Camponotus cruentatus, Lasius
niger, Myrmica rubra and Tapinoma nigerrimum. The tested
non-host ant species have an overlapping distribution range with
the beetle (AntWiki, 2019), but were also collected in locations
where the beetle does not occur: A. senilis, C. micans, and P.
pallidula near Cérdoba (Spain); C. cruentatus near Montpelier
(France); and L. niger, M. rubra, and T. nigerrimum in the north
of Belgium. We added 10 workers of a species to an arena
(plastic cup: diameter 7 cm, height 5 cm) with a plaster bottom
and Fluon-coated wall and let them acclimatise for 30 min.
We selected medium-sized workers in species with worker
polymorphism. Next, we introduced a beetle and after 30's, we
scored 20 consecutive interactions. An interaction was defined
as an encounter in which the antenna of an ant crossed the body
of a beetle. Ants displayed non-aggressive interactions, such
as ignoring and inspecting, and aggressive interactions, such
as biting, mandible opening and chasing. Ant aggression was
quantified as the proportion of aggressive interactions (biting,
mandible opening, chasing) out of the 20 interactions. We
replicated aggression trials for each ant species with 10 different
beetles (origin nest R1). Beetles were reused for different ant
species, but there was a latency between the trials of at least
1 h. For M. barbarus, we conducted more aggression trials and
in different host colonies. We determined aggression in three
colonies (from nest R1, R2 and C1) towards beetles found in
the same nest. Beetles were retested in the aggression trials with
M. barbarus between one and three times, but with different sets
of workers of the host colony in the replicas.

We compared proportions of aggressive interactions towards
the beetle across the tested ant species with a generalised
linear mixed model (GLMM) and a binomial response. Ant
species was fitted as an independent variable and beetle iden-
tity and colony (multiple colonies tested in M. barbarus; in
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Fig. 1. Overview of the association between Messor barbarus and Oochrotus unicolor. (a) Polymorphic worker caste of M. barbarus interacting with
O. unicolor. (b) A typical waste dump of seed and organic material (chaff or refuge pile) of a M. barbarus nest. The silk tubes on the pile are created by
Embioptera. (¢c) Oochrotus unicolor feeding on grass seeds. (d) Experimental laboratory nest to test the niche preference of O. unicolor. The chamber
in the lower left corner is the brood chamber. Brood and most of the M. barbarus workers are hidden under the piece of plaster. The chamber with
material from the waste dump is in the lower right corner. The other four chambers are the peripheral chambers. [Colour figure can be viewed at

wileyonlinelibrary.com].

other ant species we used a single colony) as random fac-
tors [model: proportion aggression = ant species + (llbeetle
identity) + (1lcolony), family = binomial]. The binomial model
was not overdispersed and residuals were examined to confirm
model fit. The aggression response of ant species was pairwise
compared with Tukey post hoc tests. The 95% confidence inter-
vals of the estimates were calculated with the R function ‘confint’
with the Wald method in the LME4 package.

Survival of the beetle in a crowded M. barbarus nest chamber.
We housed 100 M. barbarus workers, including all size classes,
in a small plastic pot (diameter 5cm, height 5.5cm) with a
moistened plaster bottom. The wall was coated with Fluon and
some pinholes were bored in the lid. Next we added 10 beetles
found in the same nest of the workers to the pot (Fig. S1). We

placed the pot in darkness and counted the number of beetles
after 3 days. As a control, we checked survival after 3 days of
10 beetles in a similar set-up without ants. We replicated both
the treatment with ants as the control three times (twice with
workers and beetles from R1 and once with individuals from
R2). We used different beetles in all trials.

As the sample sizes were too low for statistical significance
testing, we analysed the data descriptively.

Experiment 4: Chemical ecology of Oochrotus

Cuticular hydrocarbon profile of M. barbarus and asso-
ciated beetles. We analysed the hydrocarbon profile of bee-
tles and ants originating from four different nests. Beetles
and M. barbarus ants were either directly collected from the
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nest in the field (C2 and R3) or were taken with clean for-
ceps from the laboratory nests. They were transferred to 2-ml
glass vials capped with a polytetrafluoroethylene 188 sep-
tum (Sigma-Aldrich, St. Louis, Missouri). They were subse-
quently killed by freezing and individually stored at —21°C.
The hydrocarbons were then extracted by adding 100 ul of hex-
ane to these vials. We removed the insects after 10 min and
let the hexane evaporate at room temperature under a lami-
nar flow hood. Before the analysis, we diluted beetle and ant
samples again in 30 pl of hexane. We analysed 2 pl of each
hexane extract on a gas chromatography (Thermo GC — Trace
1300 series, Waltham, Massachusetts) and mass spectrome-
try (Thermo ISQ series, —70¢eV, electron impact ionisation)
equipped with a Restek (Bellefonte, Pennsylvania)RXi-5sil MS
column (20m X 0.18 mm X 0.18 pm). Samples were injected in
the splitless mode with an inlet temperature of 290°C and
with helium as a carrier gas at a flow rate of 0.9 mlmin'.
The oven was held for 1 min at 40 °C, then programmed from
40 to 200°C at 20°C min~' and from 200 to 340°C at 8°C
min~!. The final temperature of 340°C was held for 4 min.
The order in which the samples were run was randomised. We
also ran a linear C9 to C40 alkane ladder standard (49452-U;
Sigma-Aldrich) at three different concentrations (0.001, 0.01.
and 0.1 pgml™!) before and directly after the insect samples.
Absolute quantification (to determine the total amount pro-
duced in ng per individual) was performed using interpolation
on a log—log scale (the relationship between peak area and
concentration is linear on a log—log scale; Parmentier et al.,
2017a), based on the peak areas of the closest eluting n-alkane
of our external alkane ladders for each peak. Retention indices
of all peaks were calculated using cubic spline interpolation
(Messadi et al., 1990) based on the elution times of the exter-
nal alkane ladders. The calculated retention indices and the
mass spectrometric fragmentation patterns enabled us to identify
the CHCs.

We compared the composition of the CHC peaks that were
present in both the ants and beetles (CHCs,,_,,;, N =17). The
mass of each hydrocarbon peak was standardised relative to the
total mass of CHCs,,,, present in the sample. These propor-
tional CHCs,,,, values were then transformed using the Aitchi-
son transformation (Aitchison, 1986) after which they were
visualised with a non-metric multidimensional scaling (NMDS,
two-dimensional, Euclidean distance matrix). The analysis was
conducted in R (v.3.4.2) using the package VEGAN. To assess nest
differences in CHC composition in more detail, we conducted
similar transformations and analyses on a subset with the ant
samples and one with the beetle samples. Here we started with
all hydrocarbons detected in M. barbarus (CHCs,,;, N =28) and
O. unicolor (CHCs,,, N =23), respectively. To test differences
in CHC composition between ants and beetles, we conducted a
PERMANOVA based on a matrix of pairwise Euclidean distances
of the Aitchison-transformed CHCs,,_,, values (‘adonis’ func-
tion in R package VEGAN, 999 permutations). We specified nest
origin as a stratum, so that permutations were only allowed
within profiles of beetles and ants of the same nest. Nest-specific
expression of CHCs in the ants and beetles were tested on the
Euclidean distance matrix of the Aitchison-transformed CHCs,,
and CHCs,), respectively.
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Aggression of M. barbarus towards beetles collected in alien
M. barbarus colonies. We compared the aggression response
of 10 workers of R2 towards beetles found in the nest R2 (=
associated beetles, N =10) and beetles found in the nest C1
(= alien beetles, N =10). Workers of C1 and R2 were highly
aggressive towards each other. The setup and procedure of the
aggression tests were similar to these described earlier, but
observations were blind with respect to the nest origin of the
beetle. The aggression towards each beetle was retested in three
trials with different sets of host workers (3 x 10 trials for both
associated and alien beetles in total). We used medium-sized
workers.

We ran a GLMM with a binomial distribution to compare
the proportion of aggressive interactions towards associated
and alien beetles. Beetle origin (associated versus alien) was
the predictor, beetle identity was included as a random factor.
We also added an observation-level random factor to account
for overdispersion (Browne et al., 2005) [model: proportion
aggression = beetle origin + (1lbeetle id) + (1lobservation), fam-
ily = binomial]. Residuals were examined to confirm model fit.

Effect of beetle isolation on its CHC profile and host ant
aggression. We isolated beetles without ants in a pot similar
to the pot containing the laboratory nest, but without ants
and nest material. Beetles were given flour ad libitum and an
Eppendorf tube stuffed with moist cotton. We prepared one
pot with beetles isolated from nest C1 (N =7) and one for
those isolated from R1 (N =5). After 11 days, we subjected
beetles from a laboratory nest (C1 or R1) and isolated beetles
from the same laboratory nest to aggression tests with 10 host
workers as described earlier, but the observations were blind
with respect to the treatment (isolated versus ant-associated).
Aggression towards each beetle was retested in three trials with
different sets of host workers. We used medium-sized workers.
After the aggression tests we stored the beetles in the freezer at
—21°C pending CHC extraction and CHC analysis as described
earlier. Differences in CHC composition between associated and
isolated beetles originating from R1 and C1 were also tested
using a PERMANOVA based on a matrix of pairwise Euclidean
distances of the Aitchison-transformed CHCs,, values and nest
origin as a stratum,

We ran a GLMM with a binomial distribution to compare
the proportion of aggressive interactions towards associated and
isolated beetles. Beetle origin (associated versus isolated) was
the predictor, and beetle identity and host colony (from nest
R1 or C1) were included as random factors. We also added an
observation-level random factor to account for overdispersion
(Browne et al., 2005) [model: proportion aggression = beetle
origin + (1llhost colony) + (1lbeetle id) + (1lobservation), fam-
ily = binomial]. Residuals were examined to confirm model fit.

Results

The beetles can reach high densities in Messor nests. We
collected a maximum number of Ny, =52 beetles in nest R1
(beetles collected in other nests: Ny, =38, N3 =3, N, =44,
N, =6). We found the beetle in a large fraction of the M.
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Table 1. Distribution of Qochrotus unicolor in Messor barbarus nests
in the Cérdoba region.

Nests with beetles/

Sampling method nests sampled Abundances
Digging 4/6 3,7,12, 15
Berlese-Tullgrem 3/4 11,12, 14
Lifting the covering stone 5/22 1,2,3,7,19

Table 2. Distribution of beetles over the six nest chambers in the nest
localisation experiment.

Peripheral

nest

chambers
(summed  Total

Refuse Brood over four  no. of
Nest/replicate chamber chamber chambers) beetles
Nest R1: replicate 1 9 (P =0.001) 2 7 18
Nest R1: replicate2 10 (P <0.001) 3 8 21
Nest R3: replicate 1 14 (P <0.001) 2 0 16
Nest R3: replicate 2 7 (P =0.002) 1 5 13

barbarus nests (12 out of 32 nests) in the Cérdoba region
(Table 1).

Experiment 1: Nest localisation preference

The beetles were strongly attracted to the waste chambers
with organic material in all four replicates (exact binomial
tests, P-values ranging from <0.001 to 0.002; Table 2). These
chambers housed a moderate number of workers of the lab-
oratory nest [9.9+4.1% (SD) of the workers]. The majority
of the workers and all the brood were always found in the
brood chamber (73.5+8.0% of the workers); the remaining
16.5 + 6.2% of the workers were distributed over the four periph-
eral chambers. Although there was a clear preference for the
waste chambers, beetles were also found to a lesser degree
in the very crowded brood chambers and peripheral chambers
(Table 2).

Experiment 2: Trophic ecology of Oochrotus

The beetles readily fed on grass seeds (Fig. 1c; Video S1). In
14 out of the 16 trials we observed seed consumption. We also
observed that the beetles carried the seeds away, and we recorded
contests for seeds with other beetles (Video S1). Flour derived
from wheat seeds was also readily accepted in most trials (12 out
of 16). We also observed that the beetles in the laboratory nests
fed on flour within minutes. Half of the tested beetles (8/16)
preyed on a dead maggot. Yeast consumption was only observed
in one out of 16 trials. The beetles did not act as brood predators
(egg consumption, 0/5 trials; larva consumption, 0/12 trials),
and eggs and larvae were not damaged. Dead ants were also
ignored (0/11).
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Fig. 2. Proportion of aggressive interactions (+95% CI) by different
species of ants towards Qochrotus unicolor. Species with no letters in
common are significantly different at the « =0.05 level (generalised
linear mixed model followed by Tukey post hoc tests).

Experiment 3: Aggression of M. barbarus and other ant species
towards Oochrotus

Aggression towards O. unicolor was tested in different ant
species. Colonies of M. barbarus displayed mild aggression
(proportion of aggression = 0.17, 95% CI: 0.14-0.21) towards
beetles found in the same nest (Video S2). The beetles were
ignored in most of the encounters. Beetles were never killed
or wounded during the aggression trials. When the ants tried to
bite, the beetles either ran away or ducked down to the substrate
(Video S2). The ants were not able to grab the beetle, because
of its rounded body. Other ant species showed a variable degree
of aggression towards O. unicolor (Tukey post hoc differences
GLMM; see letter codes in Fig. 2). Aphaenogaster senilis and C.
cruentatus were also very tolerant towards the beetle (Fig. 2),
whereas P. pallidula and T. nigerrimum were very hostile and
grabbed the legs of the beetle directly.

Survival of the beetle was only tested with M. barbarus.
Confining the beetles to a nest chamber with a very high density
of Messor workers did not affect their survival in the short term.
After 3 days, all beetles were still alive (30 beetles summed over
three replicates), showed normal behaviour and lacked apparent
injuries. No beetle mortalities (30 beetles summed over three
replicates) were detected in the control setup without ants.

Experiment 4: Chemical ecology of Oochrotus

The cuticular profiles of O. unicolor and M. barbarus shared
17 CHC peaks. Six CHC peaks were unique to O. uni-
color, and 11 CHC peaks to M. barbarus (Fig. 3; Table 3).
In addition, seven non-CHC peaks were also detected in
M. barbarus. Note that some of the peaks found in only

© 2019 The Royal Entomological Society, Ecological Entomology, doi: 10.1111/een.12832
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Fig. 3. Representative cuticular chromatograms of Oochrotus unicolor and its host Messor barbarus. Peak identities can be found in Table 2. [Colour

figure can be viewed at wileyonlinelibrary.com].

one species might be under the detection threshold in the
other species, resulting in an underestimation of the amount
of peaks shared. The peaks corresponding with n-C25 and
7,9,11,13-MeC25 were dominant in both species. 5-MeC25
was much more important in Messor, whereas 3-MeC25 was
much more prominent in Oochrotus. The profiles of the bee-
tles were clearly separated from their host M. barbarus work-
ers (PERMANOVA, R? =0.66, P = 0.001; Fig. 4). Ants distinctly
grouped per nest/colony (PERMANOVA, R?=0.70, P = 0.001).
Beetles found in the same host nest/colony tend to group
(PERMANOVA, R? =0.23, P = 0.002), but the clustering was less
clear than in host workers. This is reflected in the much
lower explained variation by ‘colony origin’ in the latter model
(R?>=0.23 vs 0.70). Ant workers of nest R> were not more
aggressive towards alien beetles (proportion aggression = 0.11,
95% CI: 0.08-0.16) than towards associated beetles (propor-
tion aggression = 0.13,95% CI: 0.09-0.17) (GLMM, y? =0.31,
d.f. =1, P=0.58). The profiles of beetles isolated for 11 days
changed slightly (PERMANOVA, R?=0.13, P =0.002), but still
overlapped with the profiles found in this beetle. Aggression
of workers towards 11-day-isolated beetles (proportion aggres-
sion = 0.27,95% CI: 0.23-0.32) was not higher than aggression
towards associated beetles (proportion aggression = 0.26, 95%
CI: 0.22-0.31) (GLMM, x? =0.93,d.f. = 1, P= 0.34).

Discussion

We demonstrate that the darkling beetle O. unicolor preferen-
tially lives in the waste dumps or chaff piles of Messor seed

harvester ants. This distinct niche contains an accumulation of
seeds, debris and organic plant material (Cerdan, 1989; Stein-
berger et al., 1991). The dietary preferences of these beetles are
clearly adapted to this niche. Seeds were readily accepted and
even dragged away. Granivory in social insect guests is probably
rare, but was suggested in the tenebrionid beetle Araeoschizus
associated with Pogonomyrmex harvester ants (Lavigne, 1969).
Oochrotus unicolor also fed on dead prey remnants. This food
type, however, is much less common in Messor ants, as seeds are
their main food source (Cerdan, 1989; Cerda & Retanam, 1994).
Interestingly, the beetle did not feed on ant brood, whereas many
unspecialised myrmecophiles will consume ant larvae or eggs
when offered (von Beeren et al., 2010; Parmentier et al., 2016a).
The diet of non-ant-associated relatives of the beetle is unknown,
but granivory has evolved multiple times in the beetle family
Tenebrionidae (Allsopp, 1980; Kistner, 1982). Overall, O. uni-
color appears to impose low fitness costs on its host colony and
may be regarded as a commensal. The feeding on seed debris
may even reduce the loads of pathogens by which the beetle
could provide mutualistic cleaning services to its host (cf. Biani
et al., 2009).

The diversity of symbionts of Messor ants has been largely
overlooked. Although previous studies (Sdnchez-Pifiero &
Goémez, 1995; Molero-Baltands et al., 1998; Uppstrom &
Klompen, 2011; Molero-Baltands et al., 2017) and our obser-
vations of the sampled nests hint that a very diverse group,
including mites, beetles, silverfish, crustaceans, spiders, and
other groups of arthropods, makes a living in the nests of
these ants, especially in the seed waste dumps (chaff piles)
(Fig. S2). Many of them are facultative associates, meaning

© 2019 The Royal Entomological Society, Ecological Entomology, doi: 10.1111/een.12832
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Table 3. Comparison of cuticular components of Messor barbarus
(N =18) and Qochrotus unicolor (N =31, based on all individuals
displayed in Fig. 3, except for the isolated individuals).

Abundance in cuticular
profile (%, mean + SD)

Nr. RI Compounds M. barbarus O. unicolor
1 2275 C23:1 1.2+£1.0

2 2299 n-C23 0.7+0.4 0.1+0.1
3 2308 Non-CHC 04 +04

4 2335 9,11-MeC23 3.1+1.0

5 2349 5-MeC23 09+0.3

6 2372 3-MeC23 0.4 +0.2

7 2400 n-C24 1.5+1.6 1.2+1.0
8 2410 Non-CHC 1.6 £2.2

9 2434 MeC24 42+14 0.5+0.8
10 2457 Non-CHC 3.0+35

11 2473 C25:1 1.1 £05 40+23
12 2500 n-C25 10.4 £5.1 26.8+7.7
13 2525 Unidentified CHC 0.2 +£0.1
14 2535 7.9,11,13-MeC25 227 +54 11.9+3.9
15 2552 5-MeC25 124 £2.0 26+13
16 2564 diMeC25 22+1.0

17 2575 3-MeC25 2.7+0.7 129 £3.1
18 2582 5,y-diMeC25 32+13

19 2600 n-C26 1.0 £0.5 2.5+0.9
20 2609 3,y-diMeC26 22407

21 2634 MeC26 42+1.7 1.0+£04
22 2660 Unidentified CHC 0.5+0.3 0.6+0.5
23 2678 Unidentified CHC 0.8+0.3 88+3.3
24 2700 n-C27 24+18 7.7 +2.6
25 2734 9,11,13-MeC27 53+20 25+0.9
26 2752 5-MeC27 22+0.6 1.0+£04
27 2761 diMeC27 1.7+0.8

28 2777 3-MeC27 1.3+£03 2.4 +0.7
29 2806 3,y-diMeC27 24+1.8

30 2839 Non-CHC 09+0.5

31 2864 Unidentified CHC 03+0.1

32 2877 C29:1 69+23
33 2900 n-C29 0.4+0.3 1.7+1.2
34 2937 9,11,13-MeC29 0.7+0.3

35 2979 Unidentified CHC 0.4 +£0.1
36 3069 Unidentified CHC 0.2+0.2
37 3080 C31:1 29+1.1
38 3152 Non-CHC 04+0.3

39 3166 Non-CHC 07+1.1

40 3182 Non-CHC 0.6 +0.5

41 3284 C33:1 1.5+0.6

RI, retention index; Nr, peak number (peak numbers correspond to the
peak numbering in Fig. 3).

that they are mostly found away from ants, but during nest
sampling we also observed different obligate ant nest dwellers,
such as multiple species of silverfish and the small beetle
Cholovocera formicaria (Fig. S3). Interestingly, preliminary
tests also showed that C. formicaria is a typical dweller of
the Messor seed waste dumps (similar six-chamber laboratory
nest localisation setup: 16 out of 26 individuals found in the
chamber with organic debris). Other seed harvester ant genera,
such as the Nearctic Veromessor (Uppstrom & Klompen, 2011)
and Pogonomyrmex ants (Lavigne, 1969; MacKay, 1983a, b;
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Fig. 4. Graphical representation of the dissimilarities between Messor
barbarus and Oochrotus unicolor with a non-metric multidimensional
scaling plot (stress = 0.09). The underlying Euclidean distance matrix
is based on the cuticular hydrocarbons (CHCs; N =17) shared by host
and symbiont. Triangles, workers of M. barbarus; circles, O. unicolor;
colours represent different nests (C1, red; C2, black; R1, blue; R3,
orange). Open symbols depict beetles that were isolated for 11 days; the
border colour of these symbols also codes for the nest origin. [Colour
figure can be viewed at wileyonlinelibrary.com].

Cushing, 1998; Hendricks & Hendricks, 1999), appear to attract
a diverse community of arthropods as well.

Chemical mimicry prevails in specialised social insect sym-
bionts that interact intimately with their host (reviewed in
Table 1 in Parmentier ef al., 2017a). They walk unnoticed
among the host workers and solicit for food, are groomed and
transported in the nest. Unspecialised species, on the other hand,
have an idiosyncratic odour (Parmentier ef al., 2017a) or may
acquire the recognition cues passively (chemical camouflage)
from their host by rubbing/feeding. As O. unicolor does not
interact closely (no rubbing, grooming, food solicitation) with
its host and as it is detected as a non-nest mate, it was surprising
that its chemical cuticular profile showed significant similarities
with its Messor host. The profile of the beetle hardly changed
after isolation from its host ant. The aggression response was not
higher towards isolated individuals, suggesting that the minor
change in chemical profile was not biologically relevant. The
stability of the profile indicates that the beetle is able to actively
produce the blend of compounds itself rather than acquiring it
passively from its host or nest material. Although speculative,
the reasonable convergence in chemical odour could be the
result of natural selection to smell more like the host, a process
that has been perfected in very specialised myrmecophiles
(Nash et al., 2008). Nevertheless, the chemical mimicry in the
beetle is imperfect (cf.Witte et al., 2009; Pérez-Lachaud et al.,
2015; von Beeren et al., 2018) and the beetles do provoke a
mild form of aggression. The hydrocarbon profiles of Messor
ants were colony-specific, but those of the beetle did not cluster
with their host. There was only a weak difference in the beetle’s
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cuticular profile across the host nests. Specialised myrme-
cophiles copy colony-specific hydrocarbon profiles (Nash et al.,
2008; Nehring et al., 2016) and individuals transferred from
other colonies of the host species experience higher levels of
aggression (Elmes et al., 1999; Nehring et al., 2016). The lack
of colony-specific similarity was reflected in similar behaviour
of the ants towards associated beetles and those found in an
alien M. barbarus colony. It has been hypothesised that a cer-
tain overlap in cues may already lower host aggression (Witte
etal., 2009; Pérez-Lachaud et al., 2015; von Beeren et al.,
2018). In addition, the absence of certain key recognition cues
could also be under selection (chemical transparency) (Martin
et al., 2008). The beetle also relies on mechanical defence and
behaviour. It has a compact, tough and rounded exoskeleton.
When detected, O. unicolor ducks to ground, meaning that
the Messor ants cannot grab or pierce the beetles. We did not
observe that the ants carried the beetles, as described in the
Pogonomyrmex associate Araeoschizus airmeti (Hendricks &
Hendricks, 1999). Occasionally, Oochrotus beetles run away
from their host. Altogether, the defence strategies of the beetle
are very efficient, and we demonstrated that it is able to survive
high densities of host workers.

The preferred host of O. unicolor are Messor ants (Wasmann,
1894; Soldati & Soldati, 2000; R. Molero-Baltands & T. Par-
mentier, pers. obs.). Occasionally it is found with other ants,
such as Aphaenogaster (Wasmann, 1894; R. Molero-Baltanas.
pers. obs.) and it was reported with Camponotus sp. (Don-
isthorpe, 1927a) and Pheidole (Viiolas, 1982). Aggression tests
revealed that ant species respond differently towards the bee-
tle. Aphaenogaster and C. cruentatus were extremely tolerant
and may serve as potential hosts. Probably nests from these ant
species may be used as stepping stones to the more preferred
Messor nests. Pheidole was extremely aggressive in the labora-
tory tests and the single reported association in the literature is
therefore very doubtful (Vifiolas, 1982).

Social insect nests are diversity hotspots for different types of
symbionts. As predicted by coexistence theory (Chesson, 2000),
species with long-living, stable nests and which provide dif-
ferent types of niches tend to attract the highest diversity of
inquilines (Hughes et al., 2008). Waste dumps are widespread in
social insect nests, but the biology of the symbionts living in this
niche has received little attention so far. Nonetheless studies on
the associates found in waste dumps across different lineages of
social insects, such as bees (Bombus: Husband & Brown, 1976;
Rupp 1989), social wasps (Vespula: MacDonald et al., 1975;
Akre et al., 1982; Rupp, 1989; Belonogaster: Keeping & Crewe,
1983; Polistes: Nelson, 1968), termites (Kistner, 1982) and ants
(general: Kistner, 1982; Holldobler & Wilson, 1990; army ants:
Rettenmeyer et al., 2011; von Beeren et al., 2010; Lasius fulig-
inosus: Donisthorpe, 1927b; Holldobler er al., 1981; leaf-cutter
ants: Waller & Moser, 1990, Verza et al., 2007; Platythyrea: Par-
mentier ef al., 2017b), reveal that this niche is teeming with
life. The diversity in this niche may rival or even outnumber
the diversity of better-studied niches, such as the brood cham-
bers or food chambers. The biology of most species is unknown
and a large fraction is probably opportunistic and poorly adapted
to this niche. However, we showed with the beetle O. unicolor
that arthropods can be specialised to a waste dump niche. More
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research is needed to explore the biology and the variety of
strategies found in dwellers of the waste dumps found in social
insect societies. With this understanding, we will be able to
assess better how the type of preferred niche is translated into
the symbiont’s strategies and its interactions with the host.

Conclusion

The beetle O. unicolor preferentially lives in the seed waste
dumps of its Messor host. The beetle is rather unspecialised as it
is detected as a non-nestmate and does not get the royal treatment
such as that received by the most integrated myrmecophiles.
Nevertheless, the beetle has a fairly specialised diet, which
consists of debris of seeds found in abundance in its preferred
niche. Moreover, the beetle actively produces a profile of CHCs
that converge significantly with the nestmate recognition cues
of its host. This chemical similarity together with a strong
mechanical defence enables this beetle to live with its host.
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Fig. S1. The setup of the survival test of O. unicolor in a crowded
chamber with M. barbarus.

Fig. S2. The Messor associates O. unicolor and Neoast-
erolepisma sp.
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displayed).

Video S1. Seed feeding and contest for seeds by O. unicolor
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