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博士論文の要約 

博士の専攻分野名称：博士（農学）      氏 名：Antoine-Olivier Lirette 

 
学位論文題名 

Elucidation of a unique vertical symbiont transmission system and 
mechanisms of host behavior modulation in stinkbug-Caballeronia 

symbiosis 

(カメムシ-Caballeronia腸内共生系における垂直伝播と宿主の行動変容の解明） 

Symbiotic associations between microorganisms and eukaryotic hosts are ubiquitous in nature 

and represent an important dimension of ecological and evolutionary biology. Insects are the 

most species rich group of terrestrial animals, and have evolved an exceptional diversity of 

symbiotic relationships with bacteria; ranging from obligate intracellular mutualists to 

facultative extracellular associates harbored within specialized gut organs. These associations 

influence host physiology, development, and fitness, and the mode by which symbionts are 

transmitted across host generations has important implications for the evolution of host-

symbiont association. 

Among phytophagous stinkbugs of the infraorder Pentatomomorpha, members of the 

superfamilies Coreoidea and Lygaeoidea commonly establish extracellular gut symbioses with 

bacteria of the genus Caballeronia, a clade of Betaproteobacteria. These symbionts are 

harbored within the crypts or tubular outgrowths of the insect's posterior midgut and are 

acquired horizontally from environmental soil each generation by early instar nymphs. This 

horizontally transmitted system has provided a tractable and well-characterized model for 

studying the ecology and evolution of insect-microbe symbiosis, particularly in the bean bug 

Riptortus pedestris and its symbiont Caballeronia insecticola. Successful symbiont 

colonization in this system is known to confer a broad range of host benefits, including 

accelerated development, increased body size, enhanced fecundity, improved immunity, and 

tolerance to insecticides. However, symbioses outside of the Coreoidea superfamily remain 

largely uninvestigated, and despite the extensive literature investigating the physiological 

consequences of symbiosis, its influence on host behavior remains poorly understood. 

This doctoral thesis addresses both dimensions through three studies. The first study (Chapter 

II, summarized in section (i) below) investigates the symbiotic system of the stinkbug family 

Heterogastridae, a previously unexamined lineage of superfamily Lygaeoidea, and documents 



the discovery of a novel, vertically transmitted Caballeronia symbiosis. The second and third 

studies (Chapters III and IV, summarized in sections (ii)-a and (ii)-b below) investigate the 

behavioral effects of Caballeronia colonization in R. pedestris 4th instar nymphs as well as the 

molecular mechanisms underpinning these changes by combining deep learning-based 

automated behavioral analysis with region-specific transcriptomics of the central nervous 

system. 

 

(i). Caballeronia symbionts in the stinkbug family Heterogastridae 

The family Heterogastridae, formerly a subfamily of the family Lygaeidae, comprises 

approximately 100 species within the superfamily Lygaeoidea, and represents one of the 

earliest diverging lineages within this clade. Despite its phylogenetic significance at the base 

of the Lygaeoidea, symbiosis in Heterogastridae had remained uncharacterized prior to this 

study. To address this gap, I investigated two Heterogastridae species collected in Japan, 

Heterogaster urticae and Sadoletus valdezi, with the aim of characterizing their symbiotic 

bacteria and transmission mechanisms. 

Preliminary microscopic observation determined that, in both species, the symbiont is located 

within crypts of the 4th midgut region. Host phylogenetic position was established through 

sequencing of the mitochondrial cytochrome c oxidase subunit I (COI) gene, which confirmed 

the basal placement of Heterogastridae within Lygaeoidea. Symbiont identity was determined 

through 16S ribosomal RNA (16S rRNA) gene sequencing of bacteria from the gut symbiotic 

organ, which confirmed that both H. urticae and S. valdezi harbor bacteria of the genus 

Caballeronia as their gut symbiont. Notably, phylogenetic analysis of the 16S rRNA sequences 

revealed that the Caballeronia symbiont of H. urticae belongs to the Coreoidaea-clade of 

Caballeronia, a subclade that had, until this discovery, been detected exclusively in association 

with stinkbugs of the superfamily Coreoidea. These findings raise the possibility that the 

symbiotic system observed in Coreoidea and Heterogastridae is ancestral within 

Pentatomomorpha, a hypothesis further supported by the similar two-row crypt arrangement of 

the symbiotic organs in both groups and the analogous organ morphology reported in their 

sister basal family Pachygronthidae. 

 

(ii)-a. Behavioral alteration by Caballeronia in the bean bug Riptortus pedestris 



While the physiological effects of Caballeronia colonization on R. pedestris adults, including 

enhanced development, fecundity, and metabolic regulation, have been extensively 

documented, its impact on nymph behavior remained unknown prior to this study. Moreover, 

although recent studies had begun to report behavioral differences between symbiotic and 

aposymbiotic adult R. pedestris, including increased flight activity and elevated mating 

frequency in symbiotic females, the extent to which symbiosis influences behavior during the 

nymphal stage, when the symbiont is first acquired and begins to alter host physiology, had not 

been examined. Chapter III aimed to fill this gap by performing behavioral comparison of 4th 

instar symbiotic (SYM) and aposymbiotic (APO) R. pedestris nymphs. 

Symbiotic nymphs were produced by exposing freshly molted 2nd instar nymphs to a 

suspension of Caballeronia insecticola at a concentration of 10^7 cells/ml following a period 

of water deprivation to induce thirst and promote drinking of the bacterial suspension. 

Aposymbiotic nymphs were maintained in identical conditions but given sterile distilled water 

containing 0.05% ascorbic acid in place of the bacterial suspension. Prior to behavioral 

recording, 4th instar nymphs of both groups were reared without food for 6 hours following 

which the nymphs were individually placed in petri dishes and subjected to a 26-hour recording 

protocol, comprising a 2-hour pre-feeding period, followed by a 24-hour period during which 

a food source (soybean) was made available. A total of 4 individuals from both groups were 

recorded. 

Behavioral analysis was performed using DeepLabCut (DLC), a deep learning-based software 

that employs neural networks to perform marker-less pose estimation by tracking user-defined 

body parts across video frames. A DLC model was trained on manually labeled video frames 

of R. pedestris nymphs to track key body points across the head, thorax, and abdomen. The 

trained model achieved high tracking accuracy, as validated by comparison of automatically 

generated labelling to training frames and unseen, manually labelled frames. Walking and 

stationary behaviors were classified automatically from DLC output using a custom Python 

pipeline, which was validated by comparison of automatically generated behavioral 

annotations with manual annotations performed by a human observer. This validation 

demonstrated no significant difference between automated and manual classifications of 

walking and stationary behavior over the 26-hour recording period, confirming the suitability 

of DLC-based pose estimation for behavioral analysis in this species. The stationary behavior 

was further subdivided into three categories (feeding, drinking, and resting) through manual 

annotation of the video recordings for the 24 hours post feeding. 



Analysis of behavioral data from the 24-hour food-provision period revealed consistent and 

significant differences between SYM and APO nymphs. Aposymbiotic nymphs spent 

significantly more total time in walking behavior, exhibited a greater number of behavioral 

transitions between walking and stationary states, and moved at higher average velocities 

compared to symbiotic individuals. Furthermore, spatial occupancy analysis revealed that 

SYM nymphs localized more consistently near the food source, while APO nymphs exhibited 

broader and more dispersed movement patterns across the arena, consistent with their higher 

walking time and velocity. 

Further breakdown of stationary behavior revealed a complementary pattern wherein SYM 

nymphs spent significantly more total time on feeding behavior compared to APO nymphs, but 

accomplished this through fewer and longer individual feeding bouts. By contrast, the time 

spent on resting and drinking did not differ significantly between groups. These findings 

indicate that the effect of symbiosis on ingestive behavior is specific to feeding. The increase 

in feeding duration and reduction in feeding bout frequency suggests that SYM nymphs engage 

more efficiently with the food source, while APO nymphs interact with the food source more 

briefly and intermittently, interspersed with frequent bouts of walking. Notably, no significant 

behavioral differences were observed during the pre-feeding period prior to food introduction, 

indicating that the behavioral divergence between SYM and APO nymphs is contingent on the 

presence of food. 

 

(ii)-b. Modulation of nervous system gene expression by Caballeronia in the bean 

bug Riptortus pedestris 

To identify the molecular mechanisms underlying the symbiont-induced behavioral differences 

documented in Chapter III, I performed region-specific transcriptomic analysis of the central 

nervous system (CNS) of SYM and APO 4th instar R. pedestris nymphs. In animals, behavioral 

decisions are governed by the coordinated activity of specialized regions of the nervous system, 

each of which integrates distinct sensory inputs and generates distinct motor or modulatory 

outputs through neurotransmitter signaling. In insects, the CNS comprises the brain, which 

integrates multisensory information and houses higher-order processing centers such as the 

mushroom bodies, central complex, and optic lobes, and the ventral nerve cord, whose thoracic 

ganglia contain the central pattern generators and motor neurons that coordinate walking and 

other locomotor behaviors. Understanding how symbiont colonization affects gene expression 



within these functionally distinct regions provides a direct approach to identifying the 

molecular pathways through which Caballeronia influences host behavior. 

The CNS of 4th instar nymphs from both SYM and APO groups was dissected and separated 

into four regions: the optic lobes, the brain, the first thoracic ganglion (G1), and the second 

thoracic ganglion (G2). These regions were selected based on their known roles in sensory 

integration, decision-making, and motor pattern generation. Total RNA was extracted from 

each region, and RNA sequencing libraries were prepared for differential expression analysis. 

Bioinformatic processing included read mapping to the R. pedestris reference genome, 

transcript quantification, and differential expression analysis using DESeq2. Gene Ontology 

(GO) term enrichment and KEGG pathway mapping were applied to identify functionally 

coherent sets of differentially expressed genes (DEGs). 

The transcriptomic analysis revealed thousands of differentially expressed genes across the 

four CNS regions, with a pronounced regional difference in the magnitude of transcriptional 

change. The optic lobes exhibited the most extensive differential expression, followed by the 

G1, G2, and the brain expressed the fewest changes. The regional distribution of transcriptional 

changes points to region-specific transcriptional remodeling concentrated in the sensory-motor 

axis of the CNS 

Gene Ontology enrichment analysis of DEGs in each region revealed distinct functional 

profiles. In the optic lobes, the most enriched biological processes included amide biosynthetic 

and metabolic processes, consistent with extensive remodeling of neurotransmitter 

biosynthesis in this visually dominant region. In the brain, enriched processes included the 

regulation of hormone levels. In G1, enriched processes were similarly centered on amide 

biosynthesis and metabolism, while G2 showed enrichment for the regulation of signal 

transduction pathways. These GO profiles, combined with the regional distribution of DEGs, 

indicate that Caballeronia colonization differentially reshapes transcriptional patterns 

regionally rather than inducing uniform gene expression changes across the CNS. 

To directly relate transcriptomic changes to the behavioral phenotypes observed in Chapter III, 

I performed targeted analysis of DEGs involved in six major neurotransmitter biosynthesis and 

signaling pathways: dopaminergic, serotonergic, GABAergic, cholinergic, glutamatergic, and 

octopaminergic. A total of 60 neurotransmitter-related DEGs were identified across all regions, 

comprising 11 biosynthetic genes and 49 receptor genes. The majority of these changes were 



concentrated in the optic lobes and G1, with fewer detected in the G2 and brain, mirroring the 

global distribution of transcriptional change. 

The dopaminergic pathway showed particularly coherent and directionally consistent 

alterations in both the optic lobes and G1. Tyrosine hydroxylase (TH), the rate-limiting enzyme 

catalyzing the conversion of tyrosine to L-DOPA in dopamine biosynthesis, was upregulated 

3.1-fold in the optic lobes and 2.7-fold in G1 of symbiotic nymphs. Vesicular monoamine 

transporter (VMAT), responsible for packaging dopamine into synaptic vesicles prior to release, 

was similarly upregulated in both regions. This coordinated upregulation of TH and VMAT 

indicates enhanced capacity for dopamine synthesis and synaptic delivery in the sensory-motor 

axis of SYM nymphs. However, the downstream signaling response to dopamine showed a 

contrasting pattern of modulation. The excitatory dopamine receptor D1 (DRD1) was 

significantly downregulated in the optic lobes, suggesting that the excitatory downstream 

consequences of increased dopamine availability are attenuated in SYM nymphs. Conversely, 

the inhibitory dopamine receptor D2 (DRD2) was significantly upregulated in both the optic 

lobes and G1. This coordinated pattern of increased dopamine production capacity alongside 

preferential enhancement of inhibitory receptor signaling and suppression of excitatory 

receptor signaling provides a plausible molecular basis for the reduced walking behavior 

observed in SYM nymphs, drawing support from studies in the migratory locust Locusta 

migratoria in which DRD1 activation promotes locomotion while DRD2 knockdown 

maintains elevated locomotor activity. 

The GABAergic pathway showed a complementary and directionally coherent pattern of 

downregulation across both the optic lobes and G1 of SYM nymphs. Glutamic acid 

decarboxylase (GAD), the primary enzyme synthesizing GABA from glutamate, was 

downregulated in both regions, as was the vesicular GABA transporter (VGAT), which loads 

GABA into synaptic vesicles for release. GABA receptor subunits GABRB and the 

metabotropic GABABR were also downregulated in both regions, along with their downstream 

G-protein coupling components, suggesting a broad reduction in both presynaptic GABA 

availability and postsynaptic GABAergic responsiveness. Since GABAergic inhibitory 

neurons in insects are known to suppress feeding, and evidence from Drosophila showing that 

inactivation of GABAergic circuits leads to increased food consumption, the reduction in 

GABAergic signalling in G1 of SYM nymphs may contribute to the observed prolonged 

feeding.  



In summary, the transcriptomic analysis of the R. pedestris CNS identified region-specific 

molecular signatures of Caballeronia colonization that are concentrated in the optic lobes and 

first thoracic ganglion, the CNS regions most directly involved in visual-guided locomotion 

and locomotor pattern generation. Within these regions, coordinated changes in dopaminergic 

biosynthetic capacity alongside a shift from excitatory to inhibitory dopaminergic receptor 

signaling, combined with a general downregulation of GABAergic inhibitory transmission, 

represent molecular candidates consistent with the reduced walking and increased feeding 

observed in SYM nymphs. While these transcriptomic findings provide an important molecular 

framework, establishing causal relationships between specific gene expression changes and 

behavioral outcomes will require future functional validation through pharmacological 

manipulation and RNA interference targeting the candidate pathways identified in this study. 

 

Concluding Remarks 

Overall, the findings of this doctoral thesis make contributions to two distinct but aspects in 

the study of insect-microbe symbiosis. First, the symbiotic systems in Heterogastridae 

identifies a previously unknown diversity of transmission strategies within the stinkbug-

Caballeronia system and provides a new model with which to study the evolutionary transition. 

The unique transmission mechanism of H. urticae, combined with its phylogenetically basal 

position in Lygaeoidea and its association with a Coreoidaea-clade symbiont previously 

undetected in Lygaeoidea, invites further consideration of the ancestral state of symbiotic organ 

morphology and transmission mode in Pentatomomorpha as a whole. 

Second, the behavioral and transcriptomic analyses in R. pedestris nymphs establish that 

Caballeronia colonization does not only affect host physiology; it also alters the host's behavior 

toward sustained feeding and away from locomotion. These changes are possibly mediated 

through coordinated region-specific remodeling of neurotransmitter signaling pathways in the 

sensory-motor axis of the CNS. The identification of changes in dopaminergic and GABAergic 

pathway genes, which are known to alter host behavior in other insect bacteria symbioses, 

provides a target for future functional studies and establishes a framework for understanding 

how gut symbionts can influence host behavior through neural mechanisms in insects. These 

findings also have practical relevance; R. pedestris is an agricultural pest of leguminous crops 

across eastern Asia, and a deeper understanding of how its gut symbiont modulates foraging 



and locomotor behavior may ultimately inform the development of novel management 

strategies targeting the R. pedestris-Caballeronia interaction. 


