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Many insects sustain long-term relationships with intracellular symbiotic
bacteria that provide them with essential nutrients. Such endosymbiotic relation-
ships likely emerged from ancestral infections of the host by free-living bacteria,
the genomes of which experience drastic gene losses and rearrangements during
the host—symbiont coevolution. While it is well documented that endosymbiont
genome shrinkage results in the loss of bacterial virulence genes, whether
and how the host immune system evolves towards the tolerance and control
of bacterial partners remains elusive. Remarkably, many insects rely on a ‘com-
partmentalization strategy’ that consists in secluding endosymbionts within
specialized host cells, the bacteriocytes, thus preventing direct symbiont contact
with the host systemic immune system. In this review, we compile recent
advances in the understanding of the bacteriocyte immune and cellular regulat-
ors involved in endosymbiont maintenance and control. We focus on the cereal
weevils Sitophilus spp., in which bacteriocytes form bacteriome organs that strik-
ingly evolve in structure and number according to insect development and
physiological needs. We discuss how weevils track endosymbiont dynamics
through at least two mechanisms: (i) a bacteriome local antimicrobial peptide
synthesis that regulates endosymbiont cell cytokinesis and helps to maintain a
homeostatic state within bacteriocytes and (ii) some cellular processes such as
apoptosis and autophagy which adjust endosymbiont load to the host develop-
mental requirements, hence ensuring a fine-tuned integration of symbiosis costs
and benefits.

This article is part of the themed issue “Evolutionary ecology of arthropod
antimicrobial peptides’.

1. Introduction

Among the striking attributes of insects is their ability to share long-term relation-
ships with intracellular symbiotic bacteria (endosymbionts) [1]. Particularly
frequent in species thriving on nutritionally unbalanced environments, such
endosymbioses are believed to impact several aspects of host biology, including
physiology, immunity and reproduction [2—8]. They ensure a nutritional comple-
mentation of the host diet by providing vitamins and essential amino acids
[3,79,10], thus greatly improving host fitness [2,3,7,11,12]. Early on during
insect embryogenesis, endosymbionts are housed within specific host cells, the
bacteriocytes, which group together to form the bacteriome organ in some
insect species. They also infect permanently the host germ cells, from which
they are transmitted to progeny. While insect bacteriomes have been thoroughly
investigated in terms of physiology and metabolism, little is known about the cel-
lular functions and immune regulatory mechanisms operating within the
bacteriocytes, which allow the tolerance of bacteria and the control of their density
and location through the host life cycle.

Long-term host—symbiont relationships often lead to a complete interdepen-
dence of both partners over evolutionary time [13-16]. Once established within
the host, endosymbionts generally experience severe genome size reduction due
to relaxed evolutionary pressures on genes that are redundant with host functions
[17-19] or become unnecessary for the new association [20]. Among the latter,
virulence genes and genes involved in the biosynthesis of cell wall components,
are prone to deletion [20-22]. As these elements constitute microbe-associated
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molecular patterns (MAMPs) that are central for bacterial per-
ception by insect immune pattern recognition receptors
(PRRs), the molecular cross-talk used by partners to ‘manage’
their coexistence may vary according to the age of the associ-
ation, and hence to the level of bacterial genome reduction.
In this evolutionary context, the study of recently established
symbiotic associations involving endosymbionts presenting
MAMPs on their cell wall may provide relevant insights
into the mechanisms operating in insect endosymbiogenesis.
Comparison of such recently established associations with
ancient associations involving genome-reduced endosymbionts
with degenerated MAMPs may help in understanding how
the mechanisms of symbiont perception and control have
evolved in relation to increased symbiont integration and
dependence on the host.

Weevils from the Curculionoidea superfamily share a
trophic endosymbiosis with y-proteobacteria that have been
integrating insect hosts at different evolutionary periods
[23-25]. Candidatus Nardonella would be the ancestral sym-
biont (125 million years (Myr) of this superfamily and
occurs in at least eight studied genera [24]. Candidatus Sodalis
pierantonius symbiosis with the cereal weevils of the genus
Sitophilus spp. is hypothesized to have been established
recently (less than 1 Myr) [26], probably following Candida-
tus Nardonella’s displacement [24,26,27]. Owing to its recent
association as a symbiont, S. pierantonius is a valuable
model for studying the early steps of insect endosymbiogen-
esis, in that its genome has not suffered any drastic size
reduction [28-30]. In addition to the high prevalence of pseu-
dogenes and transposable elements [29], which are thought
to favour gene rearrangements and deletions, S. pierantonius
genome encodes a functional type 3 secretion system (T3SS)
[21], as well as the enzymes required to synthetize the cell
wall peptidoglycan, a potent inducer of the insect immune
response [30]. An injection of S. pierantonius bacteria into
the weevil haemolymph results in the systemic induction of
antimicrobial peptide (AMP) encoding gene expression [31],
attesting that the host immune system has retained the ability
to mount an immune defence against its bacterial partner,
and that the seclusion of endosymbionts within the bacter-
iome protects them from the insect’s humoral and cellular
responses. Remarkably, this spatial symbiont compartment-
alization seems to be a convergent evolutionary strategy for
the maintenance and the regulation of mutualistic bacteria
in both animals and plants. Examples include the tropho-
some of the giant tube worms Riftia pachyptila [32], root
nodules in plants [33], the stratification and regionalization
of the mammalian gut [34] and the development of the
light organ in the squid Euprymna scolopes [35]. Symbiont
compartmentalization could thus be considered as a
‘biological strategy’ that allows organisms to manage ben-
eficial symbionts within a limited space, while host
defences are maintained in the remaining host tissues
where they prevent pathogenic infections.

While this compartmentalization protects the symbionts
from direct exposure to the systemic immune response, it
raises the question of the functional adaptation of the host
immune system inside the bacteria-bearing compartment.
Indeed, bacteriocytes must ensure: (i) the control of endo-
symbionts, i.e. ensuring they do not break free from these
specialized housing cells; (ii) the maintenance of endosymbionts,
i.e. their tolerance in high number; and (iii) the modulation of the
endosymbiotic load according to the host developmental stages,

which has been observed to different extents in many species. [ 2 |

Here, we will review recent data on immune responses operating
within the cereal weevil bacteriome organ, and their coordin-
ation with host cellular processes, including apoptosis and
autophagy, ensuring symbiosis homeostasis.

2. The antimicrobial peptide Coleoptericin A
keeps endosymbionts within the bacteriome
organ

The weevil bacteriome was shown to mount a limited
immune response, with few immune genes being expressed
under physiological conditions [31,36]. Remarkably, this
organ notably expresses only one AMP coding gene, coleop-
tericin A (colA) [31,37], while other AMP coding genes
are slightly or not expressed, which presumably helps the
endosymbionts to survive within this symbiotic tissue.

Coleoptericins have been found only in coleopteran insects
so far; in cereal weevils, two peptides, ColA and ColB, were
identified from transcriptomic data [31,36]. Coleoptericins dis-
play a bacteriostatic activity on a broad spectrum of bacteria,
including both Gram-positive and Gram-negative bacteria
[38-40]. In vitro incubation of Escherichia coli with weevil
ColA impairs bacterial cell division and leads to cell gigantism
[39,40]. It is noteworthy that endosymbiotic bacteria have been
observed as long and filamentous cells in cereal weevils and
other coleopteran symbiotic species [27,41]. Bacterial cell
elongation was also described in plant systems, raising the
question of whether plants and animals use a similar strategy
to interact with their symbionts. In 2010, Van de Velde et al.
demonstrated that the factors inhibiting Rhizobium division in
legumes are the nodule-specific cysteine-rich peptides
(NCRs) [42]. NCRs govern rhizobia differentiation, which
results in the gigantism of the bacterial cells and their inability
to multiply in vitro. Size elongation has been interpreted as a
terminal maturation stage of the bacterium, which results in
repeated chromosome DNA replication without cell cytokin-
esis [43]. To determine whether ColA AMP is responsible for
endosymbiont gigantism in Sitophilus weevils, and whether
this process is also irreversible, RNA interference (RNAi) has
been used to suppress colA expression in vivo [40]. Unlike
what has been observed with the NCR-induced gigantism of
Rhizobium in plants, which is irreversible, alteration of colA
gene expression induced a significant size reduction of S. pier-
antonius. More importantly, colA extinction resulted in a loss of
spatial control of endosymbionts, which gained the ability to
exit the bacteriocytes and invade surrounding tissues [40].
These results, along with the relatively high amount of
ColA peptide observed at the border of symbiotic tissues, led
to the conclusion that ColA acts as a ‘border patrol agent’
that prevents endosymbionts from leaving the bacteriome,
ensuring bacteriocyte homeostasis.

Moreover, ColA specifically targets weevil endosymbiont
cytokinesis and does not inhibit DNA replication, thus
leading to the production of giant polyploid bacterial cells.
Both S. pierantonius and Nardonella, the ancestral endosym-
biont of weevils, exhibit high polyploidy that correlates
with bacterial size [40]. For example, Nardonella cells from
the palm weevil Rhynchophorus ferrugineus can reach
200 pm and contain 120 chromosomes [40]. This endo-
symbiont polyploidy may be beneficial for the host, as it
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Figure 1. Internal and external immune responses of S. oryzae bacteriocytes. The internal immune response (solid arrows) consists of the intracellular activity of
ColA on endosymbionts. Endosymbiont density is sensed by a still unknown mechanism, and ColA is produced accordingly, which ensures bacterial intracellular
seclusion. The external immune response (dotted arrows) consists of the induction of AMP coding gene expression, including col/A expression, after recognition
of exogenous bacteria. This response is likely to involve an IMD-like pathway. In case of an infection, both responses coexist and do not seem to interfere

with each other.

would ensure a high level of bacterial protein synthesis
and metabolic capacity. It is likely one of the adaptive
features generated by host—symbiont coevolution: ColA
spatially restricts endosymbionts to bacteriocytes and
inhibits their cytokinesis without impairing their metabolic
activity and their ability to supply the host with nutritional
components, highlighting the concept of ‘endosymbiont
domestication” [40,44].

To get insights into how the Sitophilus colA gene may have
evolved towards these symbiotic functions, the weevil colB
paralogue was analysed. Although ColB presents strong
sequence similarity with ColA, both peptides have distinct
functions. ColB has a low basal expression in bacteriocytes
[31], and it does not generate any bacterial gigantism phenotype
when incubated in vitro with E. coli. Furthermore, far-Western
experiments showed interactions of ColA with the E. coli
membrane proteins OmpA and OmpC, RpL2 and EF-Ts
elongation factors, as well as with the chaperonin GroEL [40].
groEL deficient E. coli mutants display a filamentous bacterial
phenotype resembling that of S. pierantonius, hinting that
ColA-GroEL interaction may mediate the observed bacterial
cytokinesis inhibition in E. coli and S. pierantonius. Interestingly,
ColB was shown to interact with OmpC and elongation factors
but not with the chaperonin GroEL [40], suggesting that the af-
finity of ColA for this protein may have been acquired during
divergent evolution of these coleoptericins. Furthermore,
ColA does not interact with HSP60, the eukaryotic homologue
protein of GroEL, indicating that ColA strictly targets
prokaryotic proteins [40].

Another interesting question with regard to colA relates to
how the expression of this gene is regulated in the bacteriome.
In Drosophila melanogaster, AMP synthesis relies on the acti-
vation of the Toll and Imd signalling pathways, the two main
controls in the immune-related activation of NF-«B transcrip-
tion factors [45-47]. NF-«B-independent expression has also
been described for the local expression of some AMPs in
specific regions of Drosophila epithelia [47,48]. On an evolution-
ary perspective, it would be interesting to figure out whether
colA expression involves a NF-«kB-dependent or -independent
mechanism under physiological conditions. Moreover, we
have recently noticed that colA transcript levels are highly cor-
related with S. pierantonius population dynamics in adult
weevils (see §4). This suggests that colA gene regulation is
adjusted to endosymbiont load, which could involve either
the direct sensing of bacteria, e.g. through the recognition of
bacterial MAMPs, or the indirect perception of their activity,
e.g. through the detection of bacterial metabolites.

Lastly, the expression of colA in the bacteriome is also
modulated by systemic challenges of insects by exogenous bac-
teria [49]. An injection of Gram-negative or Gram-positive
bacteria into the weevil’s haemolymph triggers an immune
response of the bacteriome, attested by the induction of several
AMP coding genes, including colB and colA [49]. We have
qualified this response as ‘external’, since it is triggered by
exogenous bacteria, in contrast to the ‘internal’ immune
response that is directed towards endosymbionts (figure 1).
Although it remains to be confirmed that induced AMPs are
secreted outside the bacteriome to cope with systemic
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infections, these findings show that both ColA and ColB AMPs
have conserved a host defence function upon infection, in
addition to their divergent functions under physiological con-
ditions in the bacteriome organ. Remarkably, colA induction
in the bacteriome by systemic infection does not interfere with
the endosymbiont load, implying another level of regulation
that remains to be explored.

Taken together, these findings provide an insight into
how some innate immune system components, originally
involved in fighting pathogens, can evolve adaptively and
participate in isolating cooperative bacteria from the systemic
immune responses, hence allowing the maintenance of
mutualistic associations.

3. Endosymbiont tolerance would require
antimicrobial peptide expression to stay low

Apart from colA, the bacteriome immune response is marked
by a low expression of the other AMP genes studied so far,
despite the massive presence of bacteria inside bacteriocytes
[31,37]. This restrained local immune response in bacterio-
cytes, or ‘tolerance’ towards the bacterial partner, is likely
to be essential for endosymbiont maintenance. Such a modu-
lated immune response was also noticed in carpenter ants
Camponotus floridanus, the bacteriocyte-bearing midgut of
which displays a low expression of genes coding for hymenop-
taecin and defensin-1 AMPs and for lysozymes [50]. In this
insect model, genes coding for the PRR peptidoglycan recog-
nition protein 2 (PGRP-2) and Gram-negative binding protein
(GNBP), i.e. proteins involved in the recognition of bacteria
upstream of the immune response, are less expressed in the
midgut when compared with other tissues [50]. Furthermore,
genes coding for the enzymatic PGRPs, PGRP-LB and PGRP-
SC2, display a high expression level in the midguts of late
pupae when endosymbiont population expands. PGRP-LB
and -5C2 may degrade endosymbiont immunogenic peptido-
glycan, highlighting a possible mechanism of tolerance that
would rely on a low detection of endosymbionts by the
immune system [50]. In cereal weevils, the findings that an
immune response is activated in the bacteriome following
larval challenge with exogenous free-living bacteria [49] indi-
cate that immune pathways are functional in this organ,
supporting the idea of an active mechanism of AMP gene
repression under physiological conditions, a repression that
would be cancelled in case of infections, allowing the defence
of the bacteriome and its associated endosymbionts.

Genetic negative regulations of local immune responses in
tissues in contact with beneficial bacterial communities, such as
the gut epithelium, are well described in insects. As mentioned
above, elicitation of immune pathways can be reduced by
secreted PGRPs with amidase activity, which degrade immu-
nogenic peptidoglycans [51-53]. Signal transduction can also
be decreased by intracellular regulators such as Pirk, which
binds to the IMD pathway membrane receptor and causes its
internalization [54,55], or by the products of genes such as
caudal, which represses the NF-kB-dependent AMP gene
expression in the gut, therefore allowing the tolerance of gut
microbiota in Drosophila [56]. However, no orthologues of
known negative immune regulators have been shown to be
highly expressed in the S. oryzae bacteriome. As an example,
pirk and caudal basal expression levels are, respectively, two

and three times lower in the bacteriome than in other weevil n

tissues ([49] and unpublished RNAseq data).

An alternative hypothesis to explain AMP gene repres-
sion in the bacteriome organ would involve epigenetic
mechanisms. Recently, Goto et al. [57] have provided evidence
of an epigenetic control on insect immunity by the DNA
methyltransferase 1 associated protein 1 (DMAP1). This
protein has been identified in Drosophila as an immune regula-
tor that interferes downstream of NF-kB factors, probably
acting on chromatin remodelling and increasing the intensity
of immune response upon infection [57]. DNA methylation
has been one of the first broadly described mechanisms of
epigenetic regulation of gene expression in several models
[58-60], including the coleopteran Tribolium castaneum [61],
but the degree of methylation of insect genomes appears low
compared with that observed in mammals, suggesting a
lesser impact of DNA methylation on insects. On the other
hand, histone methylation has been described in Drosophila
and in Planococcus mealybugs as a significant regulatory mech-
anism for gene expression [62-64]. Such a highly conserved
mechanism could be at work in the S. oryzae bacteriome, and
would allow a rapid switch on or off in gene expression
depending on environmental and physiological conditions,
i.e. AMP gene repression under physiological conditions and
induction upon infection.

4. Cellular processes take the lead over
antimicrobial peptides during endosymbiont
recycling

In addition to endosymbiont protection against humoral and

cellular immune responses, the compartmentalization of

endosymbionts is also reminiscent of an organization in
units of production of metabolic compounds essential for
the host. We recently have demonstrated that symbiont
compartmentalization in the adult stage allows the insect to
modulate the symbiont load according to its physiological
needs, and to promptly eliminate these ‘factory units’ when

they are no longer beneficial [65].

At metamorphosis, the weevil larval bacteriome dis-
sociates and multiple small bacteriomes are formed at the
apex of the adult mesenteric caeca [66] (figure 2). During
the first week following the adult moulting, these mesenteric
bacteriomes grow drastically in size and the endosymbiont
population quickly expands (more than 10-fold during the
first 5 days). Strikingly, bacteriomes then regress rapidly
during the second week until the symbiotic bacteria are
completely eliminated by day 15 (figure 3). It is noteworthy
that the population of endosymbionts associated with the
ovaries is not dislodged, indicating that different regulatory
mechanisms are operating according to host tissues. Modu-
lations of the endosymbiotic load during progression from
one insect life stage to another have been reported in several
insect models. In the pea aphid Acyrthosiphon pisum and in
the ant C. floridanus, the endosymbiont population also
varies during host development, although symbiont
dynamics are weaker than in S. oryzae [68-70]. In mealybugs
of the genus Planococcus, co-primary symbionts (i.e. two coex-
isting species of obligate endosymbionts) each undergo their
own dynamics, indicating that each symbiont population
may be controlled by separate mechanisms [71].
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Figure 2. Sitaphilus spp. endosymbiont localization. (a) Fourth instar larva and (a') cartoon larva illustration. The shape and localization of the bacteriome of
Sitophilus vary with insect development. In the larva, which develops inside a cereal grain, a bilobular bacteriome is attached to the junction between the foregut
and the midgut. (b) Adult and (b') cartoon adult illustration. The endosymbionts are housed in multiple bacteriomes located at the end of midgut mesenteric caeca,

and in the female reproductive tract. Adapted from Vigneron et al. [65].
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Figure 3. colA gene expression in S. oryzae young adult is correlated wtih endo-
symbiont dynamics. colA expression was monitored by real-time quantitative
PCR and normalized with the expression of housekeeping genes rp/l29 and
gapdh as described by Masson et al. [67]. Sodalis pierantonius density was
assessed by quantitative PCR as described by Vigneron et al. [65]. Both dynamics
are correlated (Spearman’s rank correlation p = 0.7857; pv = 0.0480),
suggesting that colA function towards endosymbionts is maintained during
host adult life.

In cereal weevils, we have shown that the symbiotic
burst in the first days of adulthood matches host need for
the amino acids tyrosine and phenylalanine which are
produced by the endosymbiont and transformed by the
insect into 3,4-dihydroxyphenylalanine (DOPA), which is
required for strengthening and stabilizing the newly syn-
thesized cuticle [65]. Once the formation and stabilization
of the new adult cuticle has been finished, endosymbionts
are rapidly eliminated. The importance of endosymbiosis in
the process of cuticle synthesis can be appreciated through

the analysis of aposymbiotic weevils (i.e. insects that have
been experimentally deprived of their endosymbionts),
whose adults carry a much thinner cuticle than symbiotic
weevils [65]. The ability of weevils to maintain a stable sym-
biotic state in the larval stage, and to manipulate the
endosymbiont population and adjust its load to the insect’s
physiological needs in the adult stage suggests complex con-
trol mechanisms that probably involve the bacteriome local
immune response. The rapid proliferation of symbionts in
the period after metamorphosis, followed by their rapid
and total elimination, raises different questions depending
on the phase being considered: which mechanisms allow
endosymbiont maintenance during the growing phase? Is
immunity involved in symbiont clearance? Are any other
mechanisms entailed?

Recent data have shown that colA expression in the gut of
symbiotic insects is correlated with symbiont density
(figure 3, [67]) and that bacteria remain intracellular during
the whole elimination process, avoiding thereby tissue inflam-
mation and systemic immune activation [67]. These findings
suggest that, similar to the larval stage, ColA continues to
target and regulate endosymbiont cell division as long as bac-
teria are present in adults. Remarkably, the other AMP coding
genes, including colB, are not transcriptionally activated during
bacterial dynamics [67]. This, in addition to the high expression
of the negative immune regulator pirk gene during the whole
dynamics, suggests an active clamping of the immune path-
ways that may be relevant not only for endosymbiont
tolerance, but also for permitting their rapid growth at the
initial phase of the adult stage [67]. Taking into considera-
tion the downregulation of AMP encoding genes during the
elimination phase, AMPs are unlikely to be involved in this
endosymbiont dynamics process. Symbiont elimination was
instead shown to involve two cellular processes: these are
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apoptosis, or programmed cell death, and autophagy, which is
a conserved cellular mechanism allowing eukaryotic cells to
recycle cell components and organelles and to preserve cellular
homeostasis [72,73]. These cell processes may allow the host to
minimize the cost inherent to symbiont growth in the initial
adult phase. The recycling of endosymbiont cell components,
which is highlighted by the accumulation of massive lamellar
bodies in the cells [65], would enable the host to recover a
part of the energy invested in endosymbiont growth, control
and maintenance.

Autophagy is classically activated in response to organelle
damage and nutritional deficiency. This process is also
involved in many host—bacterial interactions, notably in the
clearance of the intracellular pathogen Listeria monocytogenes
in Drosophila [74], and in the regulation of Wolbachia popu-
lations in nematodes, crustaceans and insects [75,76]. It also
plays a critical role in the elimination of dinoflagellate
symbionts in the sea anemone Aiptasia pallida [77,78]. In this
cnidarian model, endosymbiont autophagy is triggered
during the bleaching phenomenon as a response to thermal
stress, the precise function of which remains poorly under-
stood. The common thread in these examples is that
autophagy is activated upon stress generated either by bacteria
or by the environment. In cereal weevils, symbiont recycling
appears to be a programmed process that is set up
during insect development. Nevertheless, and similar to the
aforementioned models, the rapid bacterial multiplication in
emerging weevil adults could be considered as a bacterial or
metabolic stress that could trigger the transcription of autop-
hagy effector genes. In line with this hypothesis, we have
shown recently that genes from the autophagy-related
gene (ATG) family [79] are induced during the symbiotic
burst, several days before the effective autophagic digestion
of endosymbionts [67]. This also raises the question of which
signals link endosymbiont perception by the host to the effector
processes. More accurately, two signals could be expected: one
triggering ATG expression around the third day of adult
life, and the other triggering the activation of recycling
through autophagy. The latter has been proposed as DOPA
by Vigneron et al. [65]. DOPA, which is produced from
tyrosine and phenylalanine, is critical for the sclerotization
and melanization of the cuticle [80]. Once cuticle formation
has been completed, around the sixth day of adult weevil
life, DOPA has been shown to accumulate in insect tissues
and may act as a signal to trigger symbiont recycling. Further
research may unravel the nature of the signals activating
ATG transcription, as well as the pathways involved in
DOPA-signal integration.

Beyond the signalling mechanisms, these findings show
that an adapted cross-talk between metabolic and cellular func-
tions has been selected through host—symbiont coevolution.
This cross-talk participates in optimizing the cost of symbiosis
and in speeding up completion of a protective exoskeleton
during the critical phase when insects emerge from the cereal
grains and face new environmental challenges.

5. Conclusion

The serial integration of intracellular mutualistic bacteria from
free-living potentially pathogenic bacteria remains a puzzling
phenomenon. As early as 1933, the insect pathologist André
Paillot reported that ‘Symbiosis can originally be considered

as a pathogenic bacterial infection. The long adaptation of [ 6 |

these bacteria to the same organism progressively decreased
their virulence until they became harmless to the host” [81].
This visionary theory, which was postulated when symbiosis
was viewed as a biological curiosity, is now being supported
by accumulating findings on endosymbiont comparative gen-
omics. Among these findings there are: the identification of
secretion systems and virulence-encoding genes in recently
established mutualistic bacteria, the deletions of genes encod-
ing MAMPs in long-established endosymbionts, and the
complete metabolic dependence between associated partners.
However, what still remains to be determined is whether and
how the host genome evolves in parallel with bacterial
genome shrinkage during host—symbiont coevolution, and
how the host immune system is involved in the tolerance and
control of the bacterial partners in number and localization.
Recent research on S. oryzae and C. floridanus has revealed
that the host immune system is a central player in endosym-
biont control. In S. oryzae in particular, studies on ColA have
highlighted the constrained adaptive evolution of host AMP
structure and activity, which participate in endosymbiont
seclusion within the bacteriocytes. In spite of the functionality
of immune pathways in the bacteriome, endosymbiont mas-
sive presence does not trigger the activation of immune
effectors in this tissue, indicating that not only the sequence
of ColA may have been shaped through host—symbiont coevo-
lution, but also the regulatory mechanisms of the other AMPs.
Furthermore, the contrast between colA and other AMP gene
expression profiles in the bacteriome reinforces the assumption
that AMP expression is a critical player in endosymbiont toler-
ance and maintenance. Nevertheless, findings on young adult
weevils attest that AMP-based immunity is not the only player
in endosymbiosis control and homeostasis. Cellular processes
such as autophagy and apoptosis are indeed major effectors
in the regulation of endosymbiont dynamics, especially adjust-
ing the endosymbiont population to the host’s physiological
needs, which in fine improves the cost/benefit ratio of endo-
symbiosis. This illustrates the concept of symbiotic trade-off:
the insect offers ‘board and lodging’ to the endosymbionts as
long as it relies on their metabolic supply, but when the cost
of symbiont maintenance overcomes the benefit provided,
the insect cellular machinery specifically recycles endo-
symbionts from the gut bacteriocytes, while preserving
ovary-associated endosymbionts involved in the reproductive
physiology of the host and symbiont transmission.

In conclusion, recent data provide evidence that at least
three mechanisms have been selected along with host—
symbiont coevolution to ensure a fine-tuned regulation of
endosymbiosis homeostasis and dynamics: (i) the compart-
mentalization of symbionts, which isolates them from the
host systemic immune response, (i) the use of AMPs as
‘symbiont shepherds’ and (iii) the activation of two cell-auton-
omous processes, autophagy and apoptosis, which allow
rapid and tissue-specific adjustment of the symbiont load at
a given stage of physiological maturation. Deciphering how
these mechanisms are interconnected and integrated with
the host metabolism may open up a new avenue for the
understanding of holobiont function and evolution.
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