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An endosymbiont's journey through
metamorphosis of its insect host

Martin Kaltenpoth®®!

Symbiotic microorganisms are essential for the lives of
many multicellular eukaryotes (1). In insects, decades
of symbiosis and—more recently—microbiome re-
search have shown that microbial symbionts can supple-
ment limiting nutrients, aid in digestion or detoxification,
and defend their host against antagonists, thereby
expanding the ecological and evolutionary potential
of their hosts (2). In order to ensure that their offspring
are endowed with the beneficial symbionts, insects have
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(Top) An adult rice weevil (S. oryzae). (Bottom) Schematic representation
of the symbionts’ journey during the weevil's metamorphosis and some of the
associated gene expression changes in host and symbiont. The gut-associated
bacteriome dissociates into individual bacteriocytes (red) in the early pupa,
which later become spindle shaped and migrate along the gut, accumulating at
epithelial cell clusters. Upon symbiont invasion, these putative stem cells
differentiate into the mesenteric caeca serving as adult bacteriomes.

evolved a range of transmission routes to pass the sym-
bionts vertically from parents to offspring or acquire
them horizontally from unrelated host individuals or from
the environment (3, 4). However, while, at first glance,
the transmission from one host individual to another
might seem like the most intricate problem for a symbi-
otic partnership, maintaining the symbiosis throughout
the host's development may be no less of a challenge (5).

In particular, holometabolous insects like beetles,
butterflies and moths, flies, ants, bees, and wasps
experience a complete restructuring of the body
during metamorphosis from the larva to the adult
individual. While gut microbes can be maintained
throughout the reorganization of the gut (6), and other
extracellular symbionts can persist outside of the
host's body (7), how intracellular mutualists located
in special organs (bacteriomes) are maintained and
sometimes even translocated during metamorphosis
remained poorly understood (but see ref. 8). Maire
etal., in PNAS (9), now elucidate the complex journey
of the symbiont-bearing organs and their inhabitants in
the rice weevil Sitophilus oryzae (Fig. 1), an organism
with a long history of study of its symbiotic interaction
with the Gammaproteobacteria Sodalis pierantonius
(10). These symbionts were previously found to supply
limiting nutrients including aromatic amino acids to
their host and thereby support cuticle sclerotization
and melanization (11).

In weevil larvae, the symbionts inhabit a bacter-
iome localized at the foregut to midgut junction,
whereas the adult beetles harbor the bacteria in numerous
caeca along the midgut. How these organs form and how
the symbionts are translocated during metamorphosis
remained unknown. Following up on early histological
investigations of the symbiosis, Maire et al. (9) traced
the fate of the bacteriome cells, the so-called bacterio-
cytes, by fluorescence microscopy. The bacteriome first
elongates in the early pupa before disintegrating into
individual bacteriocytes that—astonishingly—change their
morphology to a spindle shape and migrate distally along
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the gut, carrying their symbiont cargo within them (Fig. 1). In the
midstage pupa, these bacteriocytes accumulate at sites with clus-
ters of small epithelial cells that the authors interpret to be stem
cells based on the high density of nuclei. It is from these cells that
the new bacteriomes form, and the symbionts appear to spread
into all of the cells of the developing mesenteric caeca (9). Previ-
ous studies had already shown that these caeca are of transient
nature, being recycled when cuticle development is finalized and
the symbionts are no longer needed (11). Only the females retain
a symbiont population in ovary-associated bacteriomes that are
formed early on in larval development and serve for symbiont
transmission to the offspring.

In order to elucidate the molecular genetic basis underlying the
translocation of bacteriocytes and the symbiont infection of the
mesenteric caeca, Maire et al. (9) performed host and symbiont tran-
scriptome sequencing in a late larval stage as well as throughout
pupation. Coinciding with the movement of bacteriocytes and their
change in morphology, RNA sequencing revealed the up-regulation
of host genes involved in cell adhesion, cell motility, cellular shape,
and cytoskeletal reorganization (Fig. 1). Importantly, RNA interference-
mediated knockdown of a key gene involved in cell adhesion and
motility, that is, galectin, impaired the migration of bacteriocytes along
the gut, supporting its role in delivering the symbiont-bearing cells to
the target location at the base of the newly forming caeca.

Maire et al., in PNAS, now elucidate the complex
journey of the symbiont-bearing organs and
their inhabitants in the rice weevil Sitophilus
oryzae, an organism with a long history of
study of its symbiotic interaction with the
Gammaproteobacteria Sodalis pierantonius.

The symbionts also show distinct transcriptional changes
throughout metamorphosis (), which is insofar surprising as many
intracellular symbionts encode a highly reduced set of transcrip-
tional regulators in their eroded genomes and, thus, show strongly
streamlined gene expression profiles (12). The rice weevil's Sodalis
symbiont, however, retains a comparatively large genome with many
transcriptional and posttranscriptional regulators, which is likely due
to the recent origin of the symbiotic association (13). During the early
and midpupal stages, symbiont genes involved in stress response,
motility (flagellum), and infection (type Il secretion system [T3SS])
were found to be up-regulated (9), indicating that the colonization
of the newly forming caeca is an active process involving the expres-
sion of bacterial genes that are known virulence factors in pathogens.
Interestingly, a similar up-regulation of T3SS and flagellar genes
was previously observed in the Sodalis symbiont of the closely
related weevil Sitophilus zeamais (14), and a functional T3SS was
found to be essential for successful colonization of host cells in
Sodalis glossinidius, a symbiont of tsetse flies (15). Concordantly,
the authors speculate that the T3SS and the flagellar apparatus
of the rice weevil's symbiont are instrumental for infecting the
clusters of epithelial stem cells that subsequently differentiate
into bacteriocytes (9).

While investigating the infection process of the newly forming
symbiotic midgut caeca by transmission electron microscopy,
Maire et al. (9) made a surprising discovery: The symbionts were
not only localized in the cytosol of the host cells, but some even
entered the nuclei. As the authors point out, this observation al-
lows for fascinating speculations on the host—symbiont interaction
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during infection, all the more since an intranuclear localization has
recently also been described for Sodalis-related symbionts of
psyllids (16). Do the intranuclear symbionts interfere with host
gene expression, for example, through the manipulation of
epigenetic marks? Could they even be involved in host cell reprog-
ramming, including polyploidization and differentiation into bacter-
jocytes? These questions open up another level of host—
symbiont cross-talk that will be an exciting direction for future
symbiosis research.

The study by Maire et al. (9) reveals the complex journey of an
endosymbiont during metamorphosis of its host by a combination
of bacteriocyte-mediated translocation along the gut and an active
infection of epithelial stem cells by the symbiont. This process dif-
fers considerably from the well-studied transport of Buchnera sym-
bionts from bacteriomes to the ovaries in aphids through a
coordinated series of exocytosis and endocytosis events (17) and
the early descriptions of symbiont translocations from midgut-
associated organs into modified Malpighian tubules throughout
the life stages of some chrysomelid beetles (18). However, move-
ment of symbionts by the transport of entire bacteriocytes has been
recently discovered as a means of transgenerational transmission in
the whitefly Bemisia tabaci (19). Thus, the mechanisms of symbiont
translocation during development and from somatic tissues into the
germline differ widely across insect taxa (5). Increasing the number
of symbiotic systems for which detailed knowledge is available will
be crucial to understand general principles underlying the devel-
opmental origin of symbiotic organs and the molecular interplay of
host and symbiont during translocation events.

The age of a symbiotic association has a strong impact on the
nature of host—symbiont interactions (20). For this reason, the com-
paratively recent association between rice weevils and Sodalis pro-
vides an important complement to the well-studied and ancient
symbioses in many sap-sucking Hemiptera. This study reveals that
the rice weevil's symbiont is capable of major gene regulatory
changes during host development and expresses virulence factors
for host cell infection. In addition, previous research by the same
group uncovered that the host keeps the symbiont in check by an-
timicrobial peptides (21) and mounts a full-fledged immune re-
sponse if exposed to the symbiont’s peptidoglycan fragments
outside of the bacteriome (22). Thus, despite the mutualistic
nature of this symbiosis, it also features aspects that are remi-
niscent of host—pathogen interactions, revealing the potential
for conflict in host—symbiont interactions. Considering that
Sodalis likely replaced the widespread weevil symbiont Nardo-
nella (23), an interesting open question is whether the mecha-
nism for symbiont translocation evolved in the symbiosis with
Nardonella and was coopted by Sodalis, or, alternatively,
whether the molecular host—symbiont interplay and develop-
mental fate of the bacteriocytes drastically changed upon sym-
biont replacement. Considering that Nardonella, like most other
ancient endosymbionts, is lacking an infection machinery includ-
ing T3SS (24), the latter seems more likely. In conclusion, com-
paring the host—symbiont molecular interplay across insect
symbioses of different evolutionary age not only embraces the
astonishing diversity of symbiotic associations in nature but also
provides a glimpse into the evolutionary sequence of events that
can culminate in the tightly controlled and intimate mutualisms
observed in many ancient insect—bacteria symbioses (20). The
study by Maire et al. (9) makes an important contribution in this
direction by pioneering research on intracellular symbiont trans-
location events during metamorphosis in a holometabolous in-
sect at molecular detail.
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