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Abstract

The reasons why some individuals are solitary and others gregarious are the subject
of ongoing debate as we seek to understand the emergence of sociality. Recent
studies suggest that the expression of aggregation behaviors may be linked to the gut
microbiota of the host. Here, we tested this hypothesis in females of the European
earwig. This insect is ideal for addressing this question, as adults both naturally vary
in the degree to which they live in groups and show inter-individual variation in their
gut microbial communities. We video-tracked 320 field-sampled females to quantify
their natural variation in aggregation and then tested whether the most and least
gregarious females had different gut microbiota. We also compared the general
activity, boldness, body size and body condition of these females and examined the
association between each of these traits and the gut microbiota. Contrary to our
predictions, we found no difference in the gut microbiota between the most and least
gregarious females. There was also no difference in activity, boldness and body
condition between these two types of females. Independent of aggregation, gut
microbiota was overall associated with female body condition, but not with any of our
other measurements. Overall, these results demonstrate that a host's gut microbiota is
not necessarily a major driver or a consequence of aggregation behavior in species
with inter-individual variation in group living and call for future studies to investigate the

determinants and role of gut microbiota in earwigs.

Keywords: Dermaptera; Group living; Insect; Microbial community; Social evolution
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Introduction

Aggregation is one of the most basic and common forms of group living in nature
(Vulinec 1990). This phenomenon can be found in almost all animal taxa, where it
reflects either a simple tolerance between individuals seeking the same environmental
parameters (e.g., nutritional resources, shelter availability, light) or an active need to
look for conspecific and heterospecific individuals (Camazine 2003; Jeanson and
Deneubourg 2007; Broly et al. 2013). In recent decades, many biotic and abiotic factors
have been shown to influence whether individuals should live in groups or alone
(Krause and Ruxton 2002). For instance, harsh environmental conditions are expected
to favor group living if it increases protection from extreme temperatures, improves
foraging efficiency and enhances defense against predators (Krause and Ruxton
2002). Conversely, several parameters are expected to inhibit the evolution of group
living, such as its inherently higher risk of visibility to predators (Lindstrom 1989),
reduced per capita access to resources (e.g., food, nesting material, mating partners),
higher levels of inter-individual competition, expression of aggressive behavior and
sexual harassment (Mosser and Packer 2009; Elwood and Stolzenberg 2020), and
increased risk of encountering and transmitting parasites and pathogens (Deere et al.

2021; Lucatelli et al. 2021; Ritchie et al. 2021; Lindsay et al. 2023).

Recent data suggest that the reasons why some individuals are solitary and
others gregarious may be the consequence or cause of the microbial communities that
live in their guts, i.e., their gut microbiota (Hosokawa et al. 2008; Lombardo 2008;
Johnson and Foster 2018; Onchuru et al. 2018). There are four possible reasons that
have been proposed to explain this association. First, this association could be the
result of physiological changes due to the presence of an altered microbiota in the host.

The gut microbiota is often essential in the expression of a wide range of host functions,
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including metabolism, development, cognition, nutrition, and immunity (Sekirov et al.
2010; Littman and Pamer 2011; McFall-Ngai et al. 2013). Suffering from an alteration
in the gut microbial community could therefore make individuals less active and less
likely to seek out conspecifics. Second, this association could be the consequence of
host behavioral alterations, including social behavior, due to the presence of an altered
microbiota in the host (Vuong et al. 2017; Valdes et al. 2018; Sherwin et al. 2019).
Since the gut microbiota often shape the chemical signatures of its host, its alteration
may cause profound changes making the host them either less attractive to
conspecifics, as reported in cockroaches and locusts (Dillon et al. 2000; Wada-
Katsumata et al. 2015), or more prone to receive aggression from conspecifics, as
reported in ants and termites (Matsuura 2001; Teseo et al. 2019). This change in social
behavior may also be due to perturbations in the gut-brain axis of hosts with altered
gut microbiota, which induces abnormal social behaviors, such as reduced sociability
and increased social avoidance in rats (Gonzalez-Miguéns et al., 2020; Wirth et al.,
1998) or social dysfunctions including autism-spectrum disorders (Sgritta et al. 2019)
and schizophrenia (Zhu et al. 2020) in humans. Third, the gut microbiota could be
linked to group living if hosts need to obtain gut microbes from conspecifics (Hosokawa
et al. 2008; Lombardo 2008; Nalepa 2015). The need for specific gut microbes could
encourage a host to become more gregarious to acquire them from conspecifics, for
instance through feces consumption, mouth-to-mouth or mouth-to-anus contacts with
other group members (Kopanic et al. 2001; Onchuru et al. 2018; Nalepa 2020). Finally,
the link between gut microbiota and group living could be a strategy of manipulation of
the host by the microbes. Through the gut-brain axis, gut microbes could manipulate
their host to promote the expression of social behaviors, thereby increasing their

success in reaching new hosts (Klein 2003; Onchuru et al. 2018). Several lines of
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argument suggest, however, that the evolution of such behavioral manipulation
requires conditions that are often difficult to meet in nature (Johnson and Foster 2018).
Irrespective of the cause of this association, all these data suggest that individuals with
high or low levels of group living should have different gut microbial communities.
However, the occurrence of such a difference remains poorly examined, particularly in
species where individuals can be both solitary and social (but see McFrederick et al.
2014; Rubin et al. 2018; Raulo et al. 2021).

In this study, we investigated whether individuals that remain close to
(gregarious) or distant from (solitary) their conspecifics have distinct gut microbial
communities in the European earwig. This insect is ideal to address this question.
Female and male adults naturally vary in the degree to which they live in groups: some
are solitary, while others live in groups from a few to several hundred members (Lamb
and Wellington 1975; Sauphanor and Sureau 1993; Raveh et al. 2014; Weil} et al.
2014; Kramer and Meunier 2016a). Moreover, a recent study reported inter-individual
variation in the gut microbial communities of earwig females (Van Meyel et al. 2021).
However, the link between these two parameters remained untested. Here, we set up
a non-invasive video-tracking system to quantify (for the first time) natural variation in
the aggregation behavior of 320 field-sampled females over three days and then
compared the gut microbial communities of the most and least gregarious females.
Although males also express aggregation behavior, we focused on females because
we only had information on the presence of inter-individual variation in the gut
microbiota of female earwigs (Van Meyel et al. 2021). To ensure that the potential
association between gut microbiota and aggregation levels was not a by-product of
other life-history traits and that the time spent in the laboratory did not interfere with

our measurements, we also compared the general activity, boldness and body
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condition of the tested females throughout their time in the laboratory and examined

the association between each of these traits and gut microbiota.

Material and Methods
Animal sampling and laboratory rearing

We field sampled 1000 F. auricularia females and males in a peach orchard near
Valence, France (Lat 44.9772790, Long 4.9286990) at the end of June 2022. All these
individuals were sampled as mated adults and belonged to F. auricularia species “A”
(Wirth et al. 1998; Gonzalez-Miguéns et al. 2020). Upon collection, the 1000 individuals
were first mixed in a single plastic container and then randomly distributed among four
other plastic containers of 100 females and 100 males each (called “test containers”)
and two additional plastic containers of 100 females each (called “attraction
containers”). The test container held females for which we then measured the
aggregation level, general activity, boldness, fresh weight, and gut microbial diversity
(see below). The attraction containers held females that served as stimuli for
measuring aggregation levels. All plastic containers were grounded with moistened
sand and cardboard shelters. Throughout the experiment, the animals were fed with
carrot chunks ad libitum, which were changed twice a week. Containers were
maintained under a controlled 12:12 light-dark cycle at 20°C and 18°C, respectively
(Meunier et al. 2012). All measurements were proceeded three days after laboratory

conditions had been set up.

Aggregation measurements
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To investigate the association between the level of aggregation of a female and her
gut microbial diversity, we first measured the aggregation level of 320 females from
the “test containers” (Fig S1). To this end, we used 3D-printed arenas consisting of
four linearly aligned circular chambers (diameter 4 cm) (Fig S1 ; Van Meyel et al.,
2022). Three of the chambers were connected by 0.5 cm wide corridors allowing
earwigs to move between chambers. The fourth chamber (called the “attraction
chamber”) had a reduced corridor of 0.15 cm to prevent animals from reaching the
other chamber while allowing the circulation of odors and antennal contacts between
individuals on both sides (Van Meyel and Meunier 2022).

The measurement of each aggregation score started by placing a randomly
selected female from the two test containers in the circular chambers at one end of the
system, and three females taken randomly from the two attraction containers in the
attraction chamber at the other end of the system (we alternated the orientation of the
system between trials). All these females had access to the food source until they were
used in the 3D printed arenas. To avoid injuries during animal handling, all these
individuals were previously anaesthetized with CO> for 30 s. One hour later (to allow
recovery after anesthesia), we started to record whether the focal female was in the
chamber next to the group of females (yes or no) and then repeated this measurement
by taking pictures every hour for 72 hours using infrared cameras and the software
pylon Viewer v5.1.0 (Basler©, Ahrensburg, Germany). For each female, we thus
calculated an aggregation score, which was defined as the total number of pictures in
which a female was in the chamber next to the group of females for 72 hours. No
female was used as both a focal and a non-focal individual. We measured the
aggregation score of 66 females per week for five consecutive weeks (10 died during

the experiment). Note that the aggregation score (AS) calculated over 24h was
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consistent over the three days of the experiment (Linear models; ASday2~ASday1:
F1310 = 175,52, Adjusted R? = 0.358, P < 0.001; ASday3~ASday1: F1310 = 52.85, P <
0.001, Adjusted R? = 0.132; and ASday3~ASday2: F1310 = 206.29, P < 0.001, Adjusted
R? = 0. 387) and did not change over the five weeks of the experiment (ASday1: F4 310
=1.25, P = 0.292; ASday2: F4310 = 0.08, P = 0.990; ASday3: Fa4310 = 0.25, P = 0.912;
all interactions P > 0.141) (Fig S2A).

At the end of the 72 hours, we isolated each tested female in a Petri dish (5
cm diameter) lined with moistened sand for further measurements (see below), while
we returned the three attractor females to the attraction containers. To avoid cross-
contamination with biological material between trials (e.g., due to chemical signatures
or feces), we grounded each plastic arena with a paper sheet that was renewed at
each trial and cleaned the glass plates with ethanol between each trial.

For the rest of the experiment, we selected the 20 females (out of 320) with
the lowest aggregation scores (AS from 0 to 15, n =20; later called low-aggregation
females) and the 20 females with the highest aggregation scores (AS from 49 to 72, n
=20; later called high-aggregation females) calculated over 72 hours. These females
were evenly distributed over the five weeks of the experiment, i.e. 4 females per week

and category (Fig S2B).

Behavioral and morphological measurements

We then measured the general activity and boldness of the 40 high- or low-aggregation
females (Fig S1). At the end of the aggregation test (i.e. in the early afternoon), we
gently transferred each female to a circular arena (diameter 7.8 cm) held between two
glass sheets and maintained on an infrared light table. We then video-recorded

females’ activity for 15 minutes in the dark and under infrared light (BASLER BCA
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1300, Germany; Media Recorder v4.0, Noldus Information Systems, Netherlands) — as
this species is nocturnal and lucifugous. We defined the level of general activity as the
total distance walked by a female during these 15 minutes (Merleau et al. 2022). This
distance was automatically extracted from our videos using the video-tracking software
EthoVision XT 16 (Noldus Information Technology©, Wageningen, Netherlands). We
measured boldness using the same videos and the same software by extracting the
time spent by each female in the central area (diameter 5.8 cm) of the tested arena.
This measurement of boldness is standard in rodents (Archer 1973; Stratton et al.
2021) and applies to earwigs, as they are highly thigmotactic and typically avoid open
areas (Rankin and Palmer 2009). At the end of the behavioral measurements, we
analyzed the 72 pictures sampled per females to select the four and four females (of
the given session/week) with the least and highest aggregation scores, respectively.
The day after (morning), we measured the body condition of the 40 females
by first anaesthetizing each of them with CO2 and then measuring their eye distance
and fresh weight (Thesing et al. 2015). Using these two measurements, we calculated
the initial body condition for each female based on the “scaled mass index” (Kramer
and Meunier 2016Db). In brief, this index standardizes body mass at a fixed value of a
linear body measurement based on the scaling relationship between these measures
(Peig and Green 2010). Accordingly, this index indicates which mass a particular
female would have at the average eye distance. We measured eye distance to the
nearest 0.01 mm using a binocular scope coupled to the Leica Application Suite
software (Leica Biosystems®©, Wetzlar, Germany). We weighed each female using an
isoCaL Quintix® precision balance to the nearest 0.01 mg (Sartorius©, Gottinger,
Germany). Note that the 8 females from the last week were dissected before weight

measurement and were thus not included in this measurement.
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Gut microbiota collection and diversity metrics

Immediately after morphological measurement (i.e, less than 24 hours after the last
aggregation score recording), we extracted the gut of the 40 selected females to
investigate whether high or low aggregation females had different gut microbial
communities. The remaining females (and males) were used for other experiments not
shown in this study. Following the protocol detailed in Van Meyel et al. (2021), each
female was CO2 anaesthetized and dissected under sterile conditions. We immediately
flash-freeze each gut with liquid nitrogen and stored them individually in Eppendorf
tubes at -80°C until DNA extraction. Total genomic DNA was extracted using the
NucleoMag® Tissue extraction kit (Macherey-Nagel™, Duren, Germany) and the V3-
V4 region of the 16S rRNA gene was amplified with the prokaryotic primers 343F (5'-
ACGGRAGGCAGCAG —3') and 784R (5- TACCAGGGTATCTAATC — 3') (Muyzer et
al. 1993) using the Taqg Polymerase Phusion® High-Fidelity PCR Master Mix with GC
buffer (Qiagen, Hilder, Germany). Final amplicon products were sequenced using
2x250bp lllumina MiSeq technology at the Bio-Environment platform (University of
Perpignan, France). Blanks were involved at each step but were not sequenced as
they were all negatives (i.e., the PCR never amplified any DNA) (Fig S3). The obtained
libraries were processed through the DADAZ2 pipeline (v1.24.0) (Callahan et al. 2016)
and converted into Amplicon Sequence Variants (ASVs) (Glassman and Martiny 2018)
that were managed using the Phyloseq package v1.40.0 (McMurdie and Holmes
2013). All samples were rarefied at 10 180 sequences (i.e., the minimum sample sum
of the dataset that was enough to reach the species richness maxima for an index
coverage of Good = 99,97%; Fig S4) for a final dataset comprising 1 593 different

ASVs from 19 low- and 20 high-aggregation females (one sample did not amplify) (Fig

10
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S3). Amplification and bioinformatic procedures are detailed in the Supplementary

Material.

For each sample, we calculated taxonomic and phylogenetic alpha diversity with
the Shannon and the Hill1 indices (q = 1) (Chao et al. 2010). We then measured the
taxonomic and phylogenetic dissimilarities computed on relative abundances of ASVs
between pairs of gut microbiota using Bray-Curtis and Weighted Unifrac distances,
respectively (Lozupone and Knight 2005). The community homogeneity (i.e. microbial
dispersion) within low- and high-aggregation status is calculated for each beta diversity

metric used with the function betadisper from the package vegan v2.6.2 (Hartig, 2022).

Statistical analyses

We conducted all statistical analyses using R v4.2.0 (R Core Team 2022) loaded with
carv3.1 (Fox et al. 2019), Ime4 v1.1.29 (Bates et al. 2015), vegan v2.6.2 (Oksanen et
al. 2022) and ape v5.6.2 (Paradis and Schliep 2019). We ran six independent statistical
models where the response variable was either Shannon (Linear Model, LM), Hill1
(LM), Bray-Curtis dispersion (LM), Weighted Unifrac dispersion (LM), Bray-Curtis
dissimilarity matrix (Permutational Multivariate Analyses of Variances; PERMANOVA)
or Weighted Unifrac dissimilarity matrix (PERMANOVA). In each of these models, we
entered the same 5 explanatory variables, namely aggregation status (high or low),
general activity, boldness, body condition (i.e., scaled body mass index) and sampling
week. We first included the interaction between sampling week and each variable in
the different models and then, where appropriate, removed it after model simplification
by AIC comparison. The PERMANOVA on the beta-diversity dissimilarity matrices
included 999 permutations and was run using the adonis2 function from the package

vegan v2.6.2 (Oksanen et al. 2022). We performed post-hoc pairwise Adonis tests

11
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between sampling week when it was significant in the PERMANOVA. For each
statistical model, we checked that all assumptions were fulfilled using the DHARMa R
package v0.4.6 (Hartig 2022). There was no correlation between the continuous
variables entered in each statistical model (Pearson tests; P > 0.05 and |R| < 0.28 for

all pairs).

To identify potential microbial discriminants of females with high or low-
aggregation status, we used a Linear discriminant analysis with Effect Size (LEfSe,

Segata et al., 2011) based on microbial Genera conducted on the Galaxy platform.

Finally, to test whether high- and low-aggregation females differ in their other
life-history traits, we performed four t-tests on the general activity, boldness, and body

condition (i.e., scaled body mass index).

Results

Overall, the gut microbiota was highly variable between females. It was predominantly
composed of Proteobacteria (79.4%) - of which 50% belonged to the
Enterobacteriaceae and Pseudomonadaceae families - and Firmicutes (12.2%),
including Lachnospiraceae (6.1%) and Enterococcaceae (2.6%) (Figure 1) with five
dominant  bacterial genera (Pseudomonas, Pluralibacter, Kosakonia,
Stenotrophomonas and Acinetobacter) that jointly reach 50% of the gut composition

(Figure 1).

12
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Figure 1: Gut microbial community for the 19 low- and 20 high-aggregation
females. A) Gut microbial community at family level (top 20) and B) at genus level
where hosts are individually ranked according to their score in an ascending order.
Microbial taxa are ordered in function of their relative abundance by phylum where blue
taxa belong to Proteobacteria, green to Firmicutes, red to Bacteroidota and
orange/taupe to Actinobacteriota.

We found no evidence that the 39 low-aggregation and high-aggregation
females carried distinct gut microbial communities. Regarding the alpha diversity, there
was no difference in terms of Shannon (LR x%1=2.77, P = 0.110) and Hill1 (LR x%1 =

0.65, P = 0.430) indices (Figure 2; Table 1).
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Figure 2: Gut microbiota and life history traits between low- (blue) vs high-
aggregation (red) earwig females. A-B) Differences in microbial alpha diversity for
the Shannon and Hill1 indices, for the C-D) beta-dispersion within groups of
aggregation levels based on Bray-Curtis and Weighted Unifrac dissimilarity matrices
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Regarding the beta diversity, there was also no difference in terms of dispersion
(Figure 2) and community composition for Bray-Curtis (LR x?1 = 2.53, P = 0.125 ;
PERMANOVA R? =0.02, P = 0.978) and Weighted Unifrac (LR x?1=0.22, P = 0.643 ;
PERMANOVA R? =0.03, P = 0.335) distances (Figure 3; Table 1). This apparent lack
of association between aggregation status and alpha/beta diversity indices was
constant throughout the experiment (all interactions between aggregation status and
sampling week of females; P > 0.151). Finally, even though the LEfSe algorithm based
on all bacterial Genera identified four potential biomarkers (p < 0.05; LDA scores (log
10) > 2.5) for low-aggregation females (Mucilaginibacter, Pseudoxanthomonas,
Duganella and Legionella) and two (Cutibacterium and Staphylococcus) for high-
aggregation females, these biomarkers were found in only 1 (5%) to 12 (63%) females
per category and could thus not be successfully used to separate the two categories
(Figure 3). There was also no difference between low- and high-aggregation females
in terms of general activity (tz7 = -1.05, P = 0.300), boldness (t37 = 0.116, P = 0.909),

and body condition (ts7= 0.904, P = 0.374; Figure 2).

In addition to aggregation, alpha and beta diversity indices were not associated
with females’ general activity and boldness (Table 1). However, the beta diversity in
term of microbial composition was significantly associated with female body condition
for both Bray-Curtis (PERMANOVA: R?= 0.05, P = 0.017; Figure 3 and Table 1) and
Weighted Unifrac (PERMANOVA: R?= 0.13, P = 0.001) distances (Table 1; Figure 3).
This association was mainly due to changes in the ratio between Proteobacteria and
Firmicutes: Proteobacteria were more abundant in low body condition hosts, while
Firmicutes (enriched with Lachnospiraceae and Enterococcaceae families) were more

abundant in high body condition hosts (Fig S5).
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Figure 3: Gut microbial beta-diversity visualized through a 2D Principal
Coordinates Analysis (PcoA) and microbial genera biomarkers. A) Ordination
computed from the comparison per pair of samples based on the Bray-Curtis and B)
its phylogenetic equivalent Weighted Unifrac distance, showing the microbial
dissimilarity between low- (blue) and high- (red) aggregation individuals, respective to
their body condition (represented with different circle sizes) proxied by the Scaled Mass
Index. C) Microbial Genera discriminants resulting from the LefSe analysis (LDA score
(log10) > 2.5) with the proportion of females carrying the discriminant and its respective
relative abundance in low- (in blue) and high-aggregation female microbiota (in red).
Discriminants for the high-aggregation individuals are marked in bold with a star. The
others are discriminated in the low-aggregation individuals. Points represent the
median of the relative abundance and lines extend to the upper (top line) and lower
(bottom line) values.

16



336

337

338

339

340

341

342

343

344

345

346

347
348

349

350

351

352

353

354

355

356

357

358

359

360

361

Finally, the five weeks of laboratory rearing had no effect on the gut microbiota
of the tested females in terms of alpha diversity (i.e., Shannon and Hill1 index values;
Table 1). Although there was an effect of the sampling week on beta diversity (Bray-
Curtis distances: Table 1; R? = 0.13, P = 0.023), this effect was due to a sampling
effect rather than a linear homogenization of the microbial community during laboratory
rearing. This is supported by the facts that females sampled in first and last weeks had
a similar gut bacterial composition (Pairwise Adonis R? = 0.08, P = 0.231), while all
other dates differed from each other (Pairwise Adonis in Table 2), and because gut
microbial dispersion for both Bray-Curtis and Weighted Unifrac dissimilarity indices did
not change between sampling dates (Bray-Curtis F4 = 0.89, P = 0.442 ; Weighted

Unifrac F4 = 0.25, P = 0.907; Table 1).

Discussion
The reasons why some individuals are solitary and others gregarious are the subject
of ongoing debate as we seek to understand the emergence of sociality (Onchuru et
al. 2018; Biedermann et al. 2021). In this study, we investigated whether the gut
microbial communities of a host could explain natural variation in the expression of
aggregation behaviors using females of the European earwig. Contrary to our
predictions, we found that neither the diversity, dispersion nor composition of gut
bacterial communities was associated with the high or low levels of adult aggregation.
We also found no association between female’s gut microbiota, general activity and
boldness. Finally, we showed that the beta diversity of the gut microbiota overall
reflected female body condition, while the five weeks of laboratory rearing did not
homogenize or alter its composition.

Over the past few decades, a growing number of studies have reported

differences in the gut microbiota of social and less-social individuals (Vuong et al. 2017;
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Valdes et al. 2018; Sherwin et al. 2019), suggesting that the microbiota may (at least
partly) explain the propensity of a host to live in a group, or might be predicted by the
ability of the group to share their symbionts (Hosokawa et al. 2008; Raulo et al. 2021).
Our results are at odds with this prediction: we did not detect any difference in the gut
microbiota of the most and least gregarious earwig females, both in terms of alpha and
beta diversities. This apparent lack of association between gut microbiota and levels
of aggregation first suggests that poorly gregarious earwig females are not moribund
individuals expressing abnormal social behaviors (Desbonnet et al. 2014; Buffington
et al. 2016; Vuong et al. 2017; Valdes et al. 2018; Sherwin et al. 2019). This is
consistent with our data showing no association between gut microbiota and both
female activity and boldness, as well as with previous results showing that altering the
gut microbiota of earwig mothers with antibiotics does not alter their expression of
maternal care (Van Meyel et al. 2021). Second, our results suggest that the most
gregarious females are not those lacking specific symbionts that can only be acquired
through group living (Kopanic et al. 2001; Nalepa 2015; Onchuru et al. 2018). This
highlights that many of the social behaviors known to be expressed in earwig groups
such as coprophagy, trophallaxis and allo-grooming may not only evolve and function
to exchange these microbes (Boos et al. 2014; Falk et al. 2014; Korner et al. 2016).
Finally, the apparent lack of association between gut microbiota and aggregation
supports the view that host sociality is unlikely to reflect a manipulative strategy by gut
microbes to improve their chances of reaching new hosts (Johnson & Foster, 2018).
Taken together, our results suggest that the drivers of aggregation in earwig females
may depend on parameters independent of their own gut microbiota, including the
direct costs and benefits of group living in terms of conflict, cooperation and

reproduction (Krause and Ruxton 2002).

18



387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

Our data then show that the gut microbiota of earwigs did not homogenize
during the five weeks of rearing in the laboratory and that, overall, it reflected female
body conditions. The lack of effect of laboratory rearing on gut microbiota contrasts
with studies in other insects (Staudacher et al. 2016; Waltmann et al. 2019; Tinker and
Ottesen 2021), and suggests that sharing a standard environment for five weeks is not
long enough to induce major microbiota turnover in earwig females. Conversely, the
reported association between gut microbiota and host body condition is consistent with
findings in several animals (Haro et al. 2016; Chun et al. 2020; Hernandez-Gomez et
al. 2020; Sugden et al. 2020) of which insects (Moret and Schmid-Hempel 2009;
McMullen et al. 2020; Greenwood et al. 2021). However, the fact that this link is based
on beta rather than alpha diversity is more surprising. It highlights the potential
challenge faced by female earwigs to change of body condition, as it would require
them to achieve a major turnover in the composition of their gut microbial communities.
Such major turnover often occurs during offspring development, particularly during
molting events where the gut microbiota can be completely changed (Manthey et al.
2022; Girard et al. 2023; Querejeta et al. 2023). Whether this is the case in the
European earwigs is still unknown. More generally, future work is needed to investigate
whether and how such turnover can occur in this species, or whether it is impossible
and female body condition is determined early in development.

The absence of any clear link between gut microbiota and female behaviors
such as aggregation, activity, or boldness, together with the limited impact of gut
microbiota changes caused by antibiotics on maternal care (Van Meyel et al. 2021),
calls into question the role of gut microbiota in the European earwig. Most of the taxa
we found in the earwig gut microbiota are environmental bacteria that are known to be

abundant in both the soil and the gut of many arthropods. When present in the gut of
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arthropods, they often play a major role in the host biology. For instance, some
bacterial strains that belong to the genera Serratia, Pseudomonas and Rhanella
metabolize and reduce the concentrations of monoterpenes in the Bark beetle (Boone
et al. 2013; Xu et al. 2016). Similarly, Enterobacter, Rhanella and Pantoea often
perform atmospheric N-fixation and participate in cellulose breakdown to provide
nutrition in the red turpentine beetle (Morales-Jiménez et al. 2009). Whether these
bacteria also play an important role in the biology of the European earwig remains to
be tested. However, a recent study suggests that they may not: the lifelong ingestion
of antibiotics by earwig females did not alter 30 proxies for their physiology,
reproduction and longevity (Van Meyel et al. 2021). This may suggest that earwig
biology is independent of their gut microbiota, as reported in the three Lepidoptera
Danaus chrysippus, Ariadne merione and Choristoneura fumiferana (Hammer et al.
2017; Phalnikar et al. 2019; Ravenscraft et al. 2019). In the Lepidoptera, it has been
suggested that this is because individuals do not have to rely on specific bacteria to
obtain critical nutrients from their food sources (Chaturvedi et al. 2017; Hammer et al.
2017). As the European earwig is omnivorous, this may also be the case for this
species (Blubaugh 2023).

To conclude, our study suggests that the gut microbiota of a European earwig
female cannot account alone for her tendency to be in either close or far proximity to a
group of female conspecifics. This result emphasizes that the gut microbiota of a host
is not necessarily a major driver nor a consequence of its social behavior, and stresses
that natural variation in the expression of social behavior is not necessarily linked to
an alteration in the community of bacteria residing in the gut of the host, the presence
or absence of particular gut microbes in the host, or specific gut microbial communities

in the focal individual. However, generalizing our results to the gut microbiota as a
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whole should be done with caution, as we didn't take into account non-bacterial
components of the microbiota (e.g., fungi, protozoa, viruses) that might play a role in
their behavior (Hughes et al. 2011; Gasque et al. 2019). Similarly, we cannot rule out
the possibility that our statistical power did not allow us to detect more subtle
differences between the most and least gregarious females, and that these differences
might emerge with the development of more sensitive approach to determine bacterial
species/strain from ASV. Nevertheless, our results provide a first empirical
investigation of the link between gut microbiota and aggregation behavior in a
facultatively group-living insect and highlight that such a link may not be universal
among insects. Moreover, our study calls for further systematic analyses on the
existence of a core microbiome in the European earwig, and the development of
gnotobiotic systems with microbe-depleted hosts. This will help us to test and
understand the specific functions of gut bacteria at the different life stages of the host,

and their contribution to the fitness of the species.
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764  Table 1: Relationships between gut microbiota diversity and life history traits.
765  Alpha-diversity (i.e., Shannon and Hill1 index values) relationships are computed as
766  response variable in LMs. Influence on beta-diversity (i.e., microbial community
767  dispersion and dissimilarities between samples calculated with Bray-Curtis and
768  Weighted Unifrac metrics) are tested with LMs and PERMANOVAs (999
769  permutations), respectively. The host activity, boldness, body condition proxied with
770  the scaled mass index and sampling week are tested as explanatory variables in each
771  statistical model. All interactions were tested and removed after AICc comparisons.
772  Significant effects (P < 0.05) are indicated in bold.
Aggregation Activity Boldness Boqy Sampling
status condition week
Alpha diversity
(Linear Models)
Shannon LR x%=2.77, LR x%=2.74, LR x%=0.54, LR x*%=0.03, LR y%=1.44,
P=0.110 P=0.112 P=0.471 P =0.870 P =0.257
Hill1 LR x?1= 0.65, LR x%1=3.32, LR x*=0.05, LR x%=1.28, LR x%=2.14,
P =0.430 P =0.082 P =0.827 P =0.269 P=0.122
Beta-dispersion
(Linear Models)
Brav-Curtis LR x?1= 2.53, LR x?1=0.55, LR x*=0.08, LR x*%=2.91, LR x%=2.16,
y P=0.125 P = 0.466 P=0.774 P=0.101 P=0.120
Weighted LR x%=0.22, LR x%=0.14, LR x%=0.65, LR x*%=3.21, LR x%=0.06,
Unifrac P =0.643 P =0.709 P =0.428 P =0.08 P = 0.981
Dissimilarity matrices
(PERMANOVAS)
Brav-Curtis R?=0.02, R?=0.03, R2 =0.03, R? = 0.05, R?=0.13,
y P =0.978 P=0.317 P =0.284 P =0.015 P =0.023
Weighted R?=0.03, R? =0.04, R2=0.01, R?=0.13, R?2=0.12,
Unifrac P =0.335 P=0.174 P =0.931 P =0.001 P=0.176
773
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774 Table 2: Pairwise comparisons of the gut microbiota composition between
775  sampling weeks. Comparisons are made on dissimilarity distances based on the
776  Bray-Curtis metric of the gut microbiota for each of the five sampling weeks (i.e., Run1
777  to the Run 5). Significant p-values (P < 0.05) are indicated in bold.
778

Run 1 Run 2 Run 3 Run 4
Run 2 R2=0.08, P=0.311 - - -
Run 3 R2=0.09,P=0.44 R2=0.10,P =0.014 - -
Run 4 R2=0.11,P=0.004 | R2=0.10,P =0.047 R2 =0.10,P =0.031 -
Run 5 R2 =0.08, P =0.245 R2=0.10, P =0.058 R2 =0.11, P =0.009 R2=0.07,P=0.288
779
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