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Main Text

Summary

Interactions between animals and microbes are ubiquitous in nature and strongly impact animal physiology.
These interactions are shaped by the host immune system, which responds to infections and contributes to tailor
the associations with beneficial microorganisms. In many insects, beneficial symbiotic associations not only
include gut commensals, but also intracellular bacteria, or endosymbionts. Endosymbionts are housed within
specialised host cells, the bacteriocytes, and are transmitted vertically across host generations. Host-
endosymbiont co-evolution shapes the endosymbiont genome and host immune system, which not only fights
against microbial intruders, but also ensures the preservation of endosymbionts and the control of their load
and location. The cereal weevil Sitophilus spp. is a remarkable model to study the evolutionary adaptation of
the immune system to endosymbiosis since its binary association with a unique, relatively recently acquired
nutritional endosymbiont, Sodalis pierantonius. This Gram-negative bacterium has not experienced the genome
size shrinkage observed in long-term endosymbioses and has retained immunogenicity. We focus here on the
16 antimicrobial peptides (AMPs) identified in the Sitophilus oryzae genome and their expression patterns in
different tissues, along host development or upon immune challenges, to address their potential functions in
the defensive response and endosymbiosis homeostasis along the insect life cycle.

Introduction
Antimicrobial peptides (AMPs) are ancient, broad-spectrum molecules, frequently associated with pathogen
clearance M. AMPs are produced by a wild variety of organisms ranging from bacteria to humans (. AMPs can
act additively, synergistically or with high specificity against viral, bacterial, fungal and protozoan pathogens
(137), These small cationic peptides were shown to target microbial phospholipid membranes, leading to
depolarisation, changes in their permeability, and subsequent microbial cell death. Some AMPs can also inhibit
viral proliferation by disruption of the viral protein synthesis and the viral gene expression (78. Although
prokaryotic AMPs, called Bacteriocins, have also been described @), we will focus here on eukaryotic AMPs.
Research on insect immunity has been at the forefront of antimicrobial peptide studies since the first
description of an animal AMP in the silk moth Hyalophora cecropia ©®. Cecropin was reported as a novel
bactericidal agent able to permeabilise the membrane of a limited number of Gram-positive bacteria, without
affecting eukaryotic cells ©. Since the discovery of this first AMP, a large number of AMPs have been identified
in diverse insect families as an important part of the immune response . Interestingly, recent availability of
functional analyses is currently uncovering the level of specificity and synergy of these immune effectors G101,
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In addition to their canonical role in immune response, there is increasing evidence to support an
extended role and functional diversification of AMPs (2. In particular, recent works are challenging the original
view on AMPs as “killer molecules” by unravelling their participation in the “management” of commensal and
mutualistic bacteria. For instance, the AMP production by epithelial cells was shown to regulate the beneficial
gut microbiota composition and abundance in Drosophila 13 and the honey bee Aphis mellifera (4. Similarly, the
compartmentalisation of immune related genes and fine-tuning of AMP expression in the different parts of the
gut of the oriental fruit fly Bactrocera dorsalis results in the separation of diverse niches that favour the cultivation
of beneficial microbes (9. Additionally, it was demonstrated in Drosophila that gene duplication and sequence
convergence of the AMPs Diptericins could evolve diverse functions, resulting in a species-specific AMP

repertoire needed for the adaptation to the occupied ecological niche and its associated microbial community
(16,17)

Moreover, a function for AMPs in the “management” of beneficial symbionts has also been
demonstrated in some cases of intracellular symbiosis from insects to plants (119, Hence, the renewed attention
to beneficial animal-microbe interactions in the last decades and the constant refinement in understanding
animal immunity @02) are converging towards an integrated view of AMPs that questions whether the term
“antimicrobial” should evolve to take into consideration this new knowledge on their multiple functions, as
proposed by Bosch et al. in this special issue ®2.

Here, we will discuss the functions of AMPs in insects’ mutualistic association with bacteria, through a
focus on the cereal weevil and its intracellular symbiont (endosymbiont) Sodalis pierantonius, with particular
emphasis to AMPs’ functions in immune responses to pathogenic infection, control and maintenance of
endosymbiosis, and during developmental processes. Cereal weevils are among the most advanced models in
the field of immune adaptation to endosymbiotic constraints, and of particular significance to illustrate the
duality of the immune response to both mutualistic symbionts and pathogens. Its binary association with a
relatively recently acquired endosymbiont, the availability of host and endosymbiont genomic sequences and
host genetic tools, as well as the possibility to obtain artificially non-symbiotic (aposymbiotic) weevils, provide
appropriate conditions to tackle emerging questions in the field of immune interaction with microbiota. Here,
we review the recent advances made on the role of AMPs in this model system and place them in perspective
with discoveries in other models. We also present some novel experimental data that complete our
understanding of the regulation of AMPs at metamorphosis.

1. The immune effector arsenal in a symbiotic insect encompasses a cocktail of AMPs
The innate immune response is the first line of defence against invasion by microbial pathogens ®. In insects,
this response is divided into humoral defences that trigger the secretion of effector molecules by the fat-body
and other tissues, and cellular defences, such as phagocytosis and encapsulation, that are mediated by
haemocytes, the circulating innate immune cells 4.

The humoral defence has been broadly deciphered in the genetic model Drosophila melanogaster and was
described to be regulated by two main signalling pathways, the Toll, and Immune deficiency (IMD) pathways,
which regulate the expression of effector genes, including genes encoding AMPs, in response to infection 2526),
Both pathways are activated in response to the detection of peptidoglycan (PG), a cell wall component of
bacteria. The Toll pathway is activated upon recognition by receptors Gram-Negative Binding Protein-1 (GNBP-
1) and PeptidoGlycan Recognition Protein (PGRP)-SA of Lysine (Lys) type PG present in Gram-positive cocci
bacteria. The IMD pathway is activated by receptors PGRP-LC and PGRP-LE upon recognition of
diaminopimelic acid (DAP) type, present in Gram-negative bacteria and Gram-positive bacilli ®4. However,
extending the understanding of the innate immune mechanisms to other insects is important to define what are
the conserved or acquired features of the immune system selected in these species through evolution and their
adaptation to various environments, including the biotic environment. Importantly, an estimate of 15 to 20% of
the insect species have evolved intracellular nutritional endosymbioses, in which the endosymbiont provides
metabolites to the insect, hence allowing it to thrive on unbalanced diets, such as the mammalian blood, plant
saps or cereal grains ?7). Endosymbionts are transmitted vertically for thousands of host generations, leading to
a long co-evolution of the host and bacterial partners. These associations are of great interest to address the
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question of how the once-infectious bacteria and the host immune system evolve in this context of mutualistic
symbiosis.

Three species of Sitophilus, the granary weevil S. granarius, the rice weevil S. oryzae and the maize weevil
S. zeamais are among the most important agricultural pests, causing extensive damage to cereal in fields and to
stored grains. These coleopterans from the Curculionidae family are holometabolous insects undergoing
complete metamorphosis. The life cycle of cereal weevils can be divided into four stages: egg, larva, pupa, and
adult. The first three stages occur exclusively inside the cereal grain where the egg has been laid. Cereal weevils
have evolved an obligate symbiotic relationship with the Gram-negative y-proteobacterium Sodalis pierantonius,
which complements their diet with amino acids, vitamins and co-factors ?-34. Endosymbionts are maintained
within specific host cells, the bacteriocytes, which group into an organ, the bacteriome. One major evolutionary
interest of the Sitophilus/Sodalis association relies on its relatively recent age, estimated to be established around
30,000 years ago ©2353%). When compared to long-lasting endosymbionts, the genome of endosymbiont S.
pierantonius is much less degenerated and reduced, with a size similar to the genomes of free-living
enterobacteria 23, Interestingly, this genome encodes pathogenesis-related genes, including genes encoding
Type Three Secretion System (TTSS), and genes necessary for cell wall synthesis, including DAP-type PG ©2.
Accordingly, S. pierantonius was shown to trigger a systemic expression of AMPs when experimentally injected
inside S. zeamais @), indicating it is able to be recognized by the host immune system when present
extracellularly, possibly through the detection of its PG “0. Therefore, this association provides a useful
framework to understand how endosymbiosis modulates the host immune system at a relatively “early” stage
of the symbiotic partners’ co-evolution.

In order to complete our knowledge on immune pathways and effector-encoding genes in cereal
weevils, we have recently sequenced S. oryzae genome and annotated the immune genes . On the basis of the
mechanistic knowledge acquired in different species and in particular in Drosophila, this analysis showed that
the Toll and IMD pathways are conserved in S. oryzae (Figure 1). For Toll pathway, only the genes encoding for
the G protein-coupled receptor kinase 2 (Gprk2), Refractory to sigma P (Ref(2)P) and the transcription factor
Dorsal-related immunity factor (Dif) appear to be lost, suggesting the pathway is solely relying on the
transcription factor Dorsal for transcriptional activation of target genes. As for the IMD pathway, the genome
encodes all the main and essential components of the pathway, with the notable exception of the intracellular
receptor PGRP-LE, suggesting that the IMD pathway is functional but may lack the possibility to be activated
by intracellular bacteria ¢4. Three main groups of immune effectors were identified in S. oryzae, namely AMPs,
lysozymes and thaumatins 9. AMPs generally consist of twelve to fifty amino acids, with the hydrophobic part
of the molecule generally covering more than 50% of amino acids residues. AMPs are divided into subgroups
based on their amino acid composition and structure 74D, Based on these features, sixteen sequences matching
four different categories of AMPs were identified in S. oryzae by combining automated genome annotations and
manual curations (Figure 2; Supplementary table 1). We found well-known peptides, including i) Defensin,
characterised by six to eight conserved cysteine residues, a stabilising array of three or four disulphide bridges
and three domains consisting in a flexible amino-terminal loop; ii) Cecropin, characterised by linear peptides
with alpha-helix that lack cysteine residues; iii) Cathelicidin-like AMPs, a class of small, cationic peptides that
play a crucial role in the innate immune system of many organisms, including humans and other vertebrates 2
and iv) Diptericins, Sarcotoxin, Coleoptericins and other members of the Glycine-rich AMPs, characterised by
an over-representation of proline and/or glycine residues 4. Intriguingly, the genes diptericin-3 and diptericin-
4, located next to each other in the genome, encode identical peptides although they differ in their intronic
regions, suggesting a recent duplication event. In light of the recent work on deciphering the evolution of
diptericins in Diptera (164349, it will be interesting to examine the Diptericin-encoding genes in closely related
Sitophilus species, as well as a potential polymorphism in various populations of S. oryzae.

2. AMPs in pathogenesis

The first historically identified function of AMPs is to fight bacterial intruders. In the last decade, studies
performed in S. oryzae and S. zeamais have deciphered the immune response of these cereal weevil species
against infection and identified the AMP effectors involved. These weevils demonstrate a potent immune
response when infected: the expression of coleoptericin A (colA), coleoptericin B (colB), sarcotoxin, diptericin-3,
diptericin-4, cecropin and defensin was shown to be systemically induced in S. oryzae larvae, with a peak of
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expression at 12 h following injection of either Gram-positive (Micrococcus luteus) or Gram-negative (Dickeya
dadantii) bacteria *5). We further investigated how weevils respond to Gram-negative bacteria infection for better
understanding weevil’s immune adaptation to the Gram-negative endosymbiont S. pierantonius “0. Maire et al.
showed that both S. oryzae and S. zeamais’s immune system could be activated by purified Escherichia coli tracheal
cytotoxin (TCT), which is a monomer of DAP-type PG that was identified as a minimal and very efficient elicitor
of the IMD pathway in D. melanogaster 404, Injection of TCT has the advantage of avoiding any potential
interference of living bacteria with host immunity. TCT injection systemically induced the expression of colA,
colB and sarcotoxin in S. zeamais “9. RNA interference (RNAi) experiments further confirmed that this systemic
expression of weevil’s AMPs is Imd and Relish dependent in both S. oryzae and S. zeamais ), similarly to what
was demonstrated in Drosophila @Y and other holometabolous insects, including the yellow fever mosquito Aedes
aegypti @0, A. mellifera ®9, pollen beetle Meligethes aeneus *9), greater wax moth Galleria mellonella 9, red flour
beetle Tribolium castaneum ¢V and mealworm Tenebrio molitor ¢2),

Under standard symbiotic conditions (i.e. absence of infection by free-living bacteria), the bacteriome
expresses a specific immune program. Despite the massive presence of endosymbionts, this organ was shown
to not express strongly most of the genes encoding AMPs tested but one, named coleoptericin A (colA) in S.
zeamais @. Nevertheless, the bacteriome was found to be immune responsive when both S. oryzae and S. zeamais
were challenged with infectious bacteria. AMP-encoding genes such as colA, colB, sarcotoxin, diptericin-3,
diptericin-4, cecropin and defensin were shown to be locally expressed in the bacteriome after an immune
challenge, although at a lower amount compared to the systemic response “°4). Moreover, dual RNAseq on the
bacteriome of S. oryzae after TCT injection further confirmed that the bacteriome actively participates in the
immune response by the upregulation of 11 genes, among which 7 were AMP-encoding genes, namely colA,
colB, sarcotoxin, gly-rich AMP-like and three diptericins (Figure 2) ®3. Strikingly, the endosymbiont load was not
affected neither by pathogenic infection itself nor by the systemic immune response triggered by the infection
@), The dual RNAseq revealed that the endosymbionts did not undergo any transcriptional changes in response
to the TCT injection, suggesting that the potential threat from AMPs went unnoticed by the endosymbiont 3.
Immunohistochemical observations reported in Ferrarini et al. showed that even though the bacteriome
produces AMPs upon an immune challenge, their final location is outside the bacteriome, hence providing
physical separation from endosymbionts 3.

The physical separation of endosymbionts by compartmentalisation in the bacteriome not only limits
their exposure to the host humoral and cellular immune responses but also allows the expression of a tissue-
specific immune program (3. Such an “innovative” differentiation of specific cells and organ permits the
execution of a specific immune program by synthesising immune effectors that can either be secreted to fight
against pathogens or target endosymbionts within the bacteriocytes 4.

3. Immune evolution in the context of endosymbiosis

Maintenance of obligatory nutritional endosymbiosis represents a “cohabitation challenge” for the host and
bacteria. Over co-evolution, in ancient endosymbioses, a degeneration of the bacterial genome is observed that
leads to the loss of genes that are not essential for the intracellular life style of the bacteria 55). Genes encoding
proteins involved in pathogenesis, including cell-surface components (lipopolysaccharides, phospholipids),
flagellum, TTSS, are often pseudogenised or lost ¢8575), which decrease the infectivity and immunogenicity of
endosymbionts. As mentioned above, this is not the case in S. pierantonius, which has more recently replaced a
previous endosymbiont in the association with Sitophilus spp. ¢2363). S, pierantonius genome retains similar
genomic features to free-living bacteria ¢2%). Hence Sitophilus/Sodalis association offers the opportunity to
address whether the host genome and especially the genes encoding immune system components are also
shaped by the host-endosymbiont co-evolution. For example, we have shown that the pgrp-Ib gene, known in
other species to regulate the immune response to infection and gut commensal 9%, encodes isoforms in S.
oryzae and S. zeamais that ensure host immune homeostasis in the context of endosymbiosis V.

Another example of host genome adaptation with regard to endosymbiosis is the AMP ColA (9. In more
details, colA gene is particularly highly expressed in the bacteriome of S. oryzae and S. zeamais ¢ and RNAi
against colA demonstrated that ColA prevents endosymbiont escape from the bacteriocytes (9. Moreover,
immunogold staining combined with electron microscopy observations showed that ColA targets the
endosymbiont cytosol, and far-Western blotting unravelled that ColA interacts with the bacterial chaperonin
GroEL 9. Remarkably, ColA was shown to inhibit the bacterial cell division without interfering with DNA
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replication, resulting in the formation of polyploid, metabolically-active, gigantic bacterial cells (9. In addition
to ColA, another coleoptericin, called Coleoptericin B (ColB), was identified in S. oryzae’s genome. Despite
having 42% amino acid sequence identity with ColA, and similar bactericidal activity against the Gram-positive
(Micrococcus luteus) and Gram-negative (Escherichia coli) free-living bacteria, ColB does not interact with
S.pierantonius’s GroEL (). The gene encoding ColB is not expressed in the bacteriome under standard symbiotic
conditions, but only after external immune challenges mimicking systemic infection with free-living bacteria (9.
This suggests distinct functions for these two AMPs in weevil immunity (9. Hence, among the Coleoptericin
family, the AMP ColA seems to have acquired a specific function in weevil-endosymbiont association, where
this AMP interferes with bacterial cytokinesis leading to bacterial cell filamentation, and prevent endosymbionts
‘escape from bacteriocytes. Interestingly, ColA has also retained a canonical AMP function in insect immunity,
demonstrated by its bactericidal activity and the systemic upregulation of its expression during infection. The
progress made in RNAseq approaches have recently opened up the possibilities to analyse gene expression
along the life cycle and in relation with symbiosis much more easily and at the whole transcriptomic scale.
Analysing dual RNAseq data acquired along 12 stages of S. oryzae and comparing with RNAseq performed in
aposymbiotic adults suggest a variety of functions for cereal weevil’'s AMP, including a function in the control
of endosymbiosis that would not be solely restricted to ColA (Figure 2) ¢2. Indeed, the expression profile of
several AMP genes seems to parallel the dynamic changes in bacterial load during development. For example,
cathelicidin-like antimicrobial protein, acanthoscurrin-1-like and diptericin-like AMPs are, as colA, highly expressed
in the bacteriome at larval stages ©». Moreover, the expression level of gene encoding a novel putative
intracellular AMP, the Diptericin-like AMP, was found to be highly correlated with bacterial load during weevil
development 2. Functional analyses are required to assess potential symbiosis-related functions of these AMPs.
Other AMPs were shown to be abundantly expressed in bacteriocytes in other insect species, including the
Bacteriocyte-specific Cysteine-Rich (BCR) peptides A. pisum @364, but their function with regards to symbiosis
remains to be investigated.

It is fascinating to see that AMPs were also shown to target bacterial cytokinesis while preserving DNA
replication in plant-bacterial nutritional symbiotic associations (1869. In the symbiosis of legume plants with the
nitrogen-fixing endosymbiotic rhizobia, a large number of AMPs, called Nodule-specific Cysteine-Rich
peptides, modify rhizobia into elongated bacteria that are highly efficient in nitrogen fixation (8). This process
irreversibly renders the bacteria unable to resume growth or reproduce by interrupting the regular cycle of
replication and division, resulting in polyploid cells (1869, similarly to S. pierantonius in Sitophilus spp. under the
action of ColA. Likewise, in Alnus-Frankia endosymbiosis, nodules produce Defensin-like AMPs, among which
Ag5 that was demonstrated to target Frankia cells and increases membrane permeability, suggesting a function
in metabolite exchange between endosymbionts and host cells ©¢67. Thus, AMPs could favour the production
of metabolites, through polyploidy of bacteria, as well as metabolite exchanges, through increased permeability
of the endosymbiont membrane 7. This points to a diversification of the AMPs’ mode of action, from the
clearance of pathogens to the facilitation of nutrient exchanges in nutritional endosymbiosis. In this regard,
several other mechanisms through which AMPs target pathogens could be reused in the context of symbiosis.
AMPs can directly act on intracellular target molecules, including DNA, RNA and proteins, they can inhibit cell
wall synthesis, nucleic acid and protein synthesis, or enzymatic activity 4. Moreover, AMPs can inhibit bacterial
cytokinesis, interfere with division machinery or regulators of the bacterial cell cycle ©69. These examples are
suggesting an arsenal of modes of action that can be exploited and selected during long-term host-
endosymbiont co-evolution.

4. AMPs’ involvement during developmental processes

An increasing number of evidences indicate that AMPs play a role during developmental processes, either
during embryonic or post-embryonic development (Table 1 and references within). Post-embryonic
development is particularly important in insects such as cereal weevils experiencing complete metamorphosis
(holometabolism), for which the transition between the larval and adult stages is achieved through the
nonfeeding pupal stage, in which tissues are de novo synthesised and larval tissues are replaced, degenerated or
undergo remodelling . This massive reorganisation of the organism is synchronised and coordinated by the
steroid hormone ecdysone V.
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In S. oryzae, the larval bacteriome dissociates during complete metamorphosis of the insect, and
bacteriocytes migrate before forming discrete repeated clusters of cells along the midgut, from where
endosymbionts de novo infect nearby precursor cells (Figure 3A) 7. It was speculated that this infection could
orientate the differentiation of these precursor cells into new bacteriocytes “». On the endosymbiont side,
flagellum (operons fli and flh) and TTSS-encoding genes (operons ssa and sseE) were found transcriptionally
upregulated during metamorphosis, suggesting their involvement in the de novo infection process (86272),
Concomitantly, in S. oryzae, ten AMP-encoding genes were found to be transcriptionally upregulated when
performing RNAseq on the dissected gut and bacteriomes at pupal stage, namely colA, colB, acanthoscurrin-1-
like, cathelicidin-like antimicrobial protein, cecropin, diptericin 2, diptericin 3, diptericin 4, glycine-rich AMP-like, and
holotricin-3-like (Figure 2) . At first sight, it is tempting to interpret this peak in AMP gene expression as the
consequence of either the endosymbiont’s virulence gene expression, or their transient extracellular location
while exiting the bacteriocytes. In this study, we aimed to clarify this point to address whether or not this peak
of AMP expression is endosymbiont-dependent. Hence, we measured the transcriptomic steady-state level of
colA, colB, diptericin 2, diptericin 3, diptericin 4, glycine-rich AMP-like and sarcotoxin in both symbiotic and
aposymbiotic S. oryzae during metamorphosis. With the exception of colA and sarcotoxin, these novel data
confirmed a significant induction of AMP expression at metamorphosis, but showed no significant differences
between symbiotic and aposymbiotic weevils (Figure 3B-G). Thus, the peak in AMP gene expression during S.
oryzae metamorphosis is independent of endosymbiont presence, and is therefore likely regulated by the insect’s
developmental program and/or by metabolic changes occurring in the pupal non-feeding state.

The first study reporting a peak in AMP expression at embryonic and pupal stages dates back to 1988,
almost a decade after the first insect AMP description ©737%. Genes encoding Defensin and Sarcotoxin were
found transcriptionally upregulated at the embryonic and pupal stages of the flesh fly (Sarcophaga peregrina),
independently of experimental external stimuli “374. Since then, peaks of AMP expression at metamorphosis
have been reported in many insects, either systemically or locally in the gut. For example, AMPs were found
transcriptionally upregulated with other immune effectors in the pupae of several other lepidopteran species
7589 and flour beetle Tribolium castaneum ®Y, in the absence of experimental infections (Table 1). These results,
together with what we observed in cereal weevils, suggest that the expression of AMPs in the gut at
metamorphosis is shared between a wild range of insects. Notably, when undergoing complete metamorphosis,
insects face the challenge to replace the larval gut while concomitantly retaining beneficial symbiotic gut
microbes in a controlled manner and avoiding infection by pathogens. Thus, the increased expression of AMPs
at metamorphosis could be biologically relevant during the fragile period of moulting to prevent opportunistic
microbes escaping from the gut lumen and potentially infecting insect tissues. Hence, AMP expression at
metamorphosis could, at least in some species, be part of an ancient and conserved developmental program
triggering “prophylactic” immunity independently of a current infection. To confirm this hypothesis, it would
be interesting to test whether the AMP expression at metamorphosis is observed in axenic insects from the
previous cited species.

Taken together, we can wonder how AMP gene expression could be regulated during metamorphosis,
independently of bacterial presence ®28). This question was recently genetically deciphered in the model
Drosophila. Genes encoding Drosomycin (Drs), Drosomycin-like 2 (Drsl2) and Drosomycin-like 5 (Drsl5) are
systemically activated during the metamorphosis of this insect, and show a peak of expression at pupal stage
even in germ-free individuals®. In accordance with the bacteria-independent induction of the expression of
these AMP-encoding genes, the NF-kB transcription factor Dif that is known to regulate drs under infection was
not involved in this systemic expression of drs at metamorphosis. By driving the expression of a dominant
negative form of the Ecdysone Receptor in the midgut or in the fat body, Nunes et al. ¢4, showed that drsl2 local
expression is regulated by ecdysone signalling in the gut at metamorphosis while drs systemic expression is
regulated by ecdysone signalling in the fat-body, as cecropin Al, defensin, metchnikowin and drsl3. This effect of
ecdysone on immune gene expression is in line with previous studies in Drosophila cell lines 2%, Interestingly,
Nunes et al. showed that drs was necessary to reduce bacteria remaining after imperfect larval gut purge at
metamorphosis. Hence, ecdysone appears to not only coordinate the ontogenetic processes of metamorphosis
but also to highest pre-emptive or “prophylactic” immune responses at metamorphosis in Drosophila, which had
already been suggested for cellular responses . The double function of ecdysone as a master regulator of the
metamorphosis and a positive modulator of the immune responses could be important to control gut microbiota
composition and avoid opportunistic infections at this stage of morphological reconstruction (13848687,
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In addition to ecdysone, other hormones have been proposed to participate in the regulation of AMPs
at metamorphosis, including the neurohormone Bursicon, which regulates cuticle tanning in several insect
species ®8). In A. aegypti the relative expression of Bursicon subunits increased from very low in first instar larvae
to high in pupae, before rapidly declining after adult emergence ). In both A. aegypti and D. melanogaster the
authors showed that overexpression of Bursicon subunits (o Burs and 3 Burs) induced AMP gene expression
via the Relish transcription factor ). These results suggest that Bursicon could function as a hormone
transcriptionally regulating prophylactic immunity during times of heightened vulnerability, at metamorphosis
and when newly formed adult cuticle is soft and easily wounded ®%%). Bursicon presents the same profile of high
expression during metamorphosis, in S. oryzae ©. Further studies are required to confirm if AMP expression is
ecdysone and/or Bursicon-dependent in cereal weevils.

To sum up, these examples provide evidence on the functional link between endocrine signalling and
immunity 9, suggesting a role of developmental hormones in regulating the immune system over development
and synchronising it with the specific immune needs of each stage.

Conclusion

We aimed here to highlight some of the recent knowledge on AMPs’ functions in insects with a special focus on
insect-microbe mutualistic symbiotic associations through the example of the Sitophilus-Sodalis association. We
have shown that besides their role in immune responses, there is increasing evidence to support AMPs’
extended role and functional diversification, to the point that it could be pertinent to affiliate a new name for
these small peptides. Throughout four very active decades of research on AMPs in insects, the diversification
of the studied models and the availability of new genomic and transcriptomic techniques combined with
targeted functional analyses continue unravelling the complexity of AMP functions in host-microbe co-
evolution. Such studies provide guidelines for immunity research and disease management in organisms with
adaptive immunity, including humans. In this regard, as outlined in several articles in this issue, further studies
should decipher the spatiotemporal expression pattern, target range and specificity of AMPs ©1-%). In particular,
more attention should be dedicated to the synergistic and antagonistic effects among AMPs and how the
expression of AMP-encoding genes is enhanced and controlled depending on the biotic and abiotic environment
and developmental stage. The next step in the understanding of the complexity of AMP functions, regulations
and evolution will likely come from the integration of population studies, as well as the integration of the
multiple ecological factors that can modulate immunity and host-microbiome molecular interactions.
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Figure legends

Figure 1. Schematic representation of IMD and Toll pathways in the cereal weevil Sitophilus oryzae. The
immune signalling transduction pathways IMD and Toll activating AMP-encoding genes in S. oryzae were
generated with Biorender (https://biorender.com/). All members of these pathways were manually verified by
blast (Parisot ef al., 2021). The name of each member corresponds to Drosophila protein names. Missing members
are shown in empty rectangles in red. IMD and Toll pathways trigger the expression of AMP that can participate
to different functions in S. oryzae, including endosymbiont control, developmental processes, and microbial
clearance.

Figure 2. Differential expression profile of AMPs in symbiotic and aposymbiotic weevils during
development or under immune challenge. Genes were considered as differentially expressed when the
adjusted P-value was lower than 0.05 and the absolute Log?2 of fold change was greater than 0.5 in fourth-instar
larvae (L4), early pupal stage (EP), pupal stage (P), late pupal stage (LP) and day-one adult (D1) to day-nine
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adult (D9). In pupae (P), the sign plus in blue indicates a peak expression of AMP at metamorphosis. In the last
column, the double asterisk indicates a significantly different expression of AMPs between symbiotic and
aposymbiotic adult guts (from data published in Ferrarini et al., 2023).

Figure 3. Expression of AMP-encoding genes during Sitophilus oryzae metamorphosis. Schematic
representation of weevil developmental stages sampled in this experiment (A). Bacteriomes are illustrated in
red. The Loge transformation of relative expression of colA (B), colB (C), diptericin 2 (D), diptericin 3 and 4 (E),
glycine-rich AMP-like (F) and sarcotoxin (G) in dissected guts of symbiotic (red) and aposymbiotic (blue) cereal
weevils, measured at fourth-instar larvae (L4), young pupal stage (P1), intermediate pupal stage (P2), late pupal
stage (P3) and day-one adult (D1). Mean and standard error values of three biological replicates, each consisting
of five dissected guts, are presented for each developmental stage and symbiotic state. Different lowercase and
uppercase letters indicate significant differences among developmental stages according to Tukey’s test (P <
0.05). For each developmental stage star, symbols indicate significant differences in the pairwise comparisons

between symbiotic and aposymbiotic insects according to Tukey’s test (P < 0.05).

Table 1. AMPs peak at metamorphosis in different holometabolous insect lineages.

Supplementary Table 1. AMPs identified in the Sitophilus oryzae genome.

Supplementary Table 2. List of primers used for RT-qPCR.
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Cereal weevil developmental stages sampled in this study
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Table 1. AMPs peak at metamorphosis in different holometabolous insect lineages

Order,
Development
Diptera

Lepidoptera

Lepidoptera

Lepidoptera

Coleoptera

Diptera

Insect

Flesh fly
(Sarcophaga peregrina)

Tobacco hornworm
(Manduca sexta)

Diamondback moth
(Plutella xylostella)

Silkworm pupae
(Bombyx mori)

Flour beetle pupae
(Tribolium castaneunt)

Drosophila melanogaster

AMP

Defensin, Sarcotoxin

Attacins, Cecropins,
Gloverins, Lebocins, Dipausin

Gloverins

Attacin, Cecropins, Gloverins,
Defensin, Hemolin, Lebocin,
Moricin

Cecropin,

Defensin

Drosomycin, Drosomycin-like

Developmental
stage
Embryo, Pupae

Pupae

Pupae

Pupae

Pupae

Pupae

Anticipated function

Growth factor, ontogenesis

Pathogen clearance/control
during moulting

Pathogen clearance/control
during moulting

Pathogen clearance/control
during moulting

Pathogen clearance/control
during moulting

Pathogen clearance/control
during moulting
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