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The Pacific oyster Crassostrea gigas lives in microbe-rich marine coastal
systems subjected to rapid environmental changes. It harbours a diversified
and fluctuating microbiota that cohabits with immune cells expressing a
diversified immune gene repertoire. In the early stages of oyster develop-
ment, just after fertilization, the microbiota plays a key role in educating
the immune system. Exposure to a rich microbial environment at the
larval stage leads to an increase in immune competence throughout
the life of the oyster, conferring a better protection against pathogenic
infections at later juvenile/adult stages. This beneficial effect, which is inter-
generational, is associated with epigenetic remodelling. At juvenile stages,
the educated immune system participates in the control of the homeostasis.
In particular, the microbiota is fine-tuned by oyster antimicrobial peptides
acting through specific and synergistic effects. However, this balance is
fragile, as illustrated by the Pacific Oyster Mortality Syndrome, a disease
causing mass mortalities in oysters worldwide. In this disease, the weaken-
ing of oyster immune defences by OsHV-1 µVar virus induces a dysbiosis
leading to fatal sepsis. This review illustrates the continuous interaction
between the highly diversified oyster immune system and its dynamic
microbiota throughout its life, and the importance of this cross-talk for
oyster health.

This article is part of the theme issue ‘Sculpting the microbiome: how
host factors determine and respond to microbial colonization’.
1. Introduction
Over the past decade, major scientific interest has been given to the role of
microbiomes in the biology of metazoans. In particular, an abundant literature
has been produced on the dialogue between the immune system and micro-
biota of animal species. Across the animal kingdom, key studies have
highlighted the importance of this dialogue for animal health. It is now recog-
nized that effectors of the immune system control the microbiota and maintain
homeostasis with resident microbial communities hosted by vertebrates [1],
arthropods [2] and cnidarians [3]. Reciprocally, in both vertebrates and arthro-
pods, the immune system is shaped by resident microbes [4,5] with far-reaching
effects on host physiology [6,7].
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The immunity-microbiota cross-talk and its physiological
consequences have remained much less explored in molluscs
until recently. Within this phylum, bivalve molluscs (e.g.
oysters, mussels, clams) are particularly interesting as they
encounter important microbial challenges in their natural
habitats (intertidial coastal marine systems, lagoons and estu-
aries) from the very first embryonic and larval stages, when
they are still ciliated and move freely in the seawater
column, to the benthic spat and adult stages when they
feed on plankton and their associated microorganisms.
Benthic oysters not only host microbial communities on
their body surfaces [8] but also in their circulating body
fluids, i.e. the haemolymph (equivalent of the blood) [9], in
the pallial/extrapallial cavity fluid [10,11] as well as in all
the tissues and developmental stages studied [12,13]. As
they are filter feeders able to concentrate microorganisms pre-
sent in their environment, it has been argued that bivalves
host transient microbial communities that vary with environ-
mental conditions. This is actually observed for a fair
proportion of their microbiota, which is rapidly eliminated
upon depuration with purified seawater, a common method
employed for removing waterborne microbial contaminants
from bivalves [14]. Still, the microbiota of bivalves is highly dis-
tinct from the microbial communities found in the surrounding
seawater [8,9,14–16]. Moreover, among bivalve-associated bac-
teria, some genera, which share the same habitat and may
have a long co-evolutionary history with their hosts, are little
affected by environmental variations [14,17]. Still, it should be
acknowledged that even when some bacterial taxa are consist-
ently found in bivalves, their classification typically only goes
as specific as the genus level. True co-evolution would involve
interactions between oysters and distinct strains or populations
of bacteria. Moreover, with the exception of bivalve species that
host chemosynthetic bacterial mutualists (for review see [18]),
such as the lucinid Codakia orbiculate hosting sulfur-oxidizing
bacteria [19], most of the time it is ignored whether members
of the microbiota have key functions in the biology of bivalves.

Oysters are fascinating organisms in which to study the
cross-talk between the microbiota and the immune system,
and their reciprocal influence. These organisms indeed host
highly diverse and dynamic microbiota, which have shaped a
vastly expanded and diversified innate immune repertoire
[20,21], a diversification that may have evolved to fight patho-
gens and/or tolerate certain members of the microbiota.
Studies on the oyster Crassostrea gigas have revealed a tight con-
nection between the microbiota and the oyster health status [15].
Bivalve microbiota may be manipulated to prevent disease in
aquaculture [22]. A fine-tuned dialogue between oyster immu-
nity and its microbiota was evidenced from early life to adult
stages [23–25]. Recently a first insight into microbial community
gene functions has been made accessible, either by shotgun
metagenomics [11] or metatranscriptomics [26]. The present
article summarizes the knowledge accumulated on oyster–
microbiota interactions over the last few years and reviews the
dysregulations leading to dysbiosis and oyster death. Finally,
it covers the avenues opened for disease prevention and control.
2. Homeostasis: a diversified and fluctuating
microbiota cohabits with oyster immune cells

Oyster larvae, as soon as two days after reproduction, are
equipped with a velum used for motility and feeding, and
two valves develop to form the shell. Oysters become sessile
after 2.5 weeks when a foot develops to attach to a hard
surface (pediveliger stage). Once permanently attached, the
oyster becomes a spat. From this stage until adulthood,
the oyster soft body is covered by the mantle (or pallium),
a tissue that ensures the development and growth of the
shell and also plays a sensory role. A pair of lamellar gills,
which extend from one extremity of the gut to the other,
ensures the functions of respiration, nutrition and excretion
of certain waste products. A kidney consisting of a tubular
gland located within a renal sinus comprises the excretory
system. Oysters have a open-type circulatory system: the
circulating fluid called haemolymph (equivalent to vertebrate
blood) is not confined to the vessels and the heart but flows
into sinuses and infiltrates the intercellular space of all tissues
(for review see [27]). The haemolymph carries the circulating
immune cells called haemocytes throughout the oyster body.
The heart propels the haemolymph into the circulatory
system. The two oyster valves forming the shell, which pro-
tect the oyster body, also enclose the pallial and extrapallial
cavity fluids, which surrounds the mantle and the soft
body of the mollusc, and contains haemocytes. Thus, oyster
body surfaces are covered by the pallial fluid/mucus,
which contains high amounts of antimicrobials such as
copper, zinc and hydrolases such as lysozyme participating
in oyster chemical defenses against infections [28,29]. The
mucus is secreted by mucocytes lining epithelia. Together
with ciliary movement at epithelial surfaces, the mucus is
believed to restrict microbial growth and serves as a first
line of defence against infections from environmental patho-
gens (figure 1). Remarkably, bacteria are barely seen attached
to epithelia and mucus of healthy oysters by means of elec-
tron microscopy [30]. By contrast, bacteria are easily
detected in oyster body fluids [10]. While body fluids may
represent an entry route for oyster tissue colonization, they
also host a number of bacterial genera such as Pseudoalteromo-
nas that may confer protection through the production of
antimicrobial compounds. Such protective bacteria have
been isolated both in the pallial fluid of Crassostrea virginica
[31] and in the haemolymph of C. gigas [32]. They secrete
antimicrobial peptides (AMPs), generally referred to as bac-
teriocins [33], which confer a protective shield against
pathogens.

Taxonomic information on the microbiota associated with
oyster tissues has been facilitated by increased access to next
generation sequencing. The advent of this technology has
highlighted the tremendous plasticity of the oyster microbiota
under the influence of both biotic (e.g. oyster genetic back-
ground, developmental stage and metabolic rate or nutrient
availability) and abiotic factors (i.e. temperature, pH, salinity,
pCO2) [34–38]. In addition to important fluctuations in
response to environmental changes, physiological status and
developmental stages, the oyster microbiota shows important
inter-individual variability, both at the level of the whole
animal and at the level of individual tissues throughout
all life stages [8,11–13,39]. This heterogeneity has made it
difficult to identify the core bacterial microbiota in oysters,
if one exists. Overall, only Spirochaetaceae were widely dis-
tributed across tissues of different oyster species (C. gigas,
C. virginica and Saccostrea glomerata) living on three continents
[11,12,15,35,39–41]. Such a trans-specific conservation may be
linked to the ecology of spirochaetes, which are abundant
in intertidial marine sediments [42] to which oysters are
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Figure 1. Immune–microbiota interplay at an oyster epithelium: homeostasis versus dysbiosis. The left panel (health) illustrates a homeostatic context. The microbiota is
kept away from epithetial cells (brown cells) by a thick mucus layer (green) secreted by mucocytes (blue cells), which covers the oyster body surfaces. Lectins, hydrolases,
copper and zinc contribute to limit penetration of microorganisms. It is assumed that amidase peptidoglycan recognition proteins (PGRPs) prevent peptidoglycan from
activating immune receptors. Bacteria circulate in the haemolymph (pink) without inducing a measurable immune response. They are kept under control by functional
immune cells (purple) and the AMPs, hydrolases, reactive oxygen species (ROS) and nitric oxide synthase (NOS) they produce. Bacteriocins mediate competition. The right
panel (disease) shows a context of dysbiosis. Pathogens alter immune cell functions (pink cells), which no longer control the microbiota. AMP expression is altered.
Bacteria invade the conjunctive tissues. Tissues lose their integrity and their barrier functions. Figure created using biorender.com.
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exposed. By sharing the same habitat, spirochaetes may have
evolved an oyster-associated life style, but accidental associ-
ations cannot be dismissed. At an oyster population scale, a
number of rare bacterial species were associated with genetic
differentiation of C. gigas oysters but this association was lost
in stressful environmental conditions [38]. More conclusively,
oystermicrobiota analyses carried out at thewhole animal and
tissue levels have shown that each tissue harbours its own
microbial consortia. However, it is still unclear whether these
communities endow specific functions in the biology of each
tissue [8,11,12] and/or if they are simply shaped by the diver-
sity of microhabitats they inhabit.

Microbiota of the haemolymph have been the most exten-
sively studied in oyster health and disease, probably due to
the key role of the haemolymph in immunity. Haemolymph
bacterial communities can be clearly distinguished from
those found in seawater and solid tissues, but the community
dynamics showa close relationship to the internal and external
oyster environment, suggesting potential host selection
[8,9,11,14]. Beyond its bacterial component, oyster haemo-
lymph contains diverse protists and viruses; the composition
and dynamics of these communities depend on the environ-
ment as well as on oyster genetics [9]. Among the diverse
components of the haemolymph microbiota, bacteria show
a more stable taxonomic composition than protists
and viruses, suggesting more fine-tuned interactions with
the oyster host. Based on these results, the authors
have suggested that some bacterial groups, mostly γ- and
α-proteobacteria, may be well adapted to the haemolymph
conditions, whereas viral and protist communities may be pri-
marily transient [9]. This remains to be confirmed since
microbiota studies are strongly biased towards the bacterial
component and only a very limited number of studies have
focused on viruses and protists.

It is far from understood how homeostasis is maintained in
the complex ecosystem of the haemolymph. Particularly, it is
still largely unknown how such an abundant and diverse
microbiota coexists and is tolerated by the host haemocytes
[43], which patrol in the haemolymph (figure 1) and are
equipped with key immune receptors, pathways and effectors
conserved across the animal kingdom [44]. Remarkably, a
number of these receptors and effectors have highly diversified
in oysters, some of them belonging to large multigene families
involved in specific immune responses [21]. Recognition of
potential pathogens occurs in the haemolymph where they
are contained by phagocytosis and haemocyte aggregation,
preventing them from invading the connective tissue [45]
(figure 1). To persist in such a hostile environment, the resident
microbiota of oysters may have evolved low immunogenic
properties, as recently evidenced in a Vibrio population
showing preferential association with oyster tissues. In this
population, a modified O-antigen structure was shown to
reduce strain recognition by oyster immune receptors [46],
unlike in other Vibrio that behave as opportunistic pathogens
and colonize oysters by actively altering their cellular defences,
thereby favouring immune evasion [45,47]. In addition, the
oyster mucus proteins may confer immune tolerance. Indeed
a number of secreted amidase PGRPs (peptidoglycan recog-
nition proteins) have been identified in oyster mucus covering
pallial organs (gill, mantle, labial palps) [29]. In many species,
from insects to mammals, amidase PRGPs are capable of cleav-
ing the bacterial cell-wall glycopeptides released by bacteria
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into non-immunogenic compounds. Thereby they control the
intensity of the immune response and act as detoxifying
enzymes [48]. Their secretion in oyster mucus is an important
indication that they may participate in the maintenance of
homeostasis at the immune-bacteria interface.
publishing.org/journal/rstb
Phil.Trans.R.Soc.B

379:20230065
3. The immune system shapes the microbiota
Cellular defences are highly potent in oysters. Oyster immune
cells, the haemocytes, appear during gastrula-trochophore
stages and they already express immune genes at the trocho-
phore stage (15 h post fertilisation, hpf), suggesting the
initiation of the immune system [49,50]. However, at hatching
(9 hpf), oyster larvae tend to be immune-depleted, which
makes themmore susceptible to infections. From the D-veliger
larval stage (17 hpf), haemocytes perform phagocytosis [49].
In spat (greater than 2.5 weeks post fertilisation) and adults,
haemocytes circulate in haemolymph and infiltrate injured/
infected tissues. They not only perform efficient phagocytosis
but they produce key antimicrobials (reactive oxygen and
nitrogen species, antimicrobial peptides and proteins, hydro-
lases) capable of killing microbes both intracellularly and
extracellularly (for review see [51]) (figure 1, left panel). The
potent respiratory burst produced by haemocytes triggers
a mechanism of ETosis by which haemocytes release DNA
Extracellular Traps that contain antimicrobial histones and
entrap bacteria, preventing them from disseminating outside
the haemolymph or sites of injury [52]. Most oyster bacterial
pathogens have evolved the capacity to escape oyster cellular
defences, either by evading phagocytosis [53] or by exerting
cytotoxicity against haemocytes [45,47], thereby causing
systemic infections (figure 1, right panel). Such mechanisms
of cytotoxicity are rarely observed in non-pathogenic bacteria
[54], which instead are contained in the circulation by
haemocyte clumps [45]. This provides indirect evidence that
haemocytes participate in keeping the commensal microbiota
under control.

Antimicrobial peptides (AMPs) have been shown to
combat infections in a broad number of species across the
animal kingdom including marine invertebrates [55]. How-
ever, it is only in recent years that AMPs have been shown to
play a key role in controlling microbiota hosted by metazoan
hosts. The main families of antimicrobial peptides and pro-
teins identified in oysters include CSαβ defensins called Cg-
Defs in C. gigas oysters (highly conserved in fungi, plants,
arthropods, molluscs, but they were lost in chordates), bacteri-
cidal/permeability increasing proteins (Cg-BPI; found both in
vertebrates and molluscs), and big defensins (Cg-
BigDefs; found in cephalochordates, chelicerates, molluscs
and other lophotrochozoans). Cg-Defs and Cg-BPI are
expressed by haemocytes and epithelial cells, contributing
both to local and systemic responses (for review see [43]).
Cg-BigDefs are expressed by oyster haemocytes only [56].
Although transcripts of Cg-Defs have been found in oyster
embryos, their expression increases significantly in the first
larval stages, from hatching to the D-veliger stage [49]. This
indicates that AMPsmay play a role at the immune-microbiota
interface early during development. Oyster antimicrobial
peptides and proteins have very distinct and complementary
mechanisms of action, which enables them to target a broad
diversity of microorganisms. Cg-Defs are ligands of lipid II
that inhibit peptidoglycan synthesis; they are essentially
active against Gram-positive bacteria [57]. Cg-BPI, which effi-
ciently binds lipopolysaccharide, damages membranes of
Gram-negative bacteria [58]. Cg-BigDefs, which autoassemble
and entrap bacteria in supramolecular structures called nan-
onets, have broad spectrum antimicrobial activities [59].
Unlike in other species of molluscs (e.g. mussels, [60]),
AMPs in oysters are not expressed at high concentrations.
Instead, most AMP families have expanded and diversified
through gene duplication events followed by rapid molecular
diversification [56], as a result of directional selection press-
ures [61]. This molecular diversity creates synergy and
enlarges the spectrum of antimicrobial activities of oyster
AMP families, particularly Cg-Defs and Cg-BigDefs [24,62].
Remarkably, the gene expansion and sequence diversification
of Cg-BigDefs has also conferred specificity to members of this
peptide family against bacteria belonging to the oyster micro-
biota [24]. Unlike in the scallop Argopecten purpuratus, where
only one big defensin gene has strong effects on the compo-
sition of the microbiota [63], Cg-BigDefs in oysters fine-tune
the microbiota, probably through their very specific activities
against different members of the microbiota [24]. Such a speci-
ficity has been recently discovered in AMPs from other animal
phyla, e.g. in insects [64]. It was recently proposed that indi-
vidual diptericins in Drosophila have been selected to control
specific harmful bacteria present in their microbiome [65].
Until now we ignore whether variation in presence/absence
of Cg-BigDefs in oysters [66] has been shaped to fight patho-
gens and/or to tolerate beneficial microbes.

While lectins have remained much less explored for their
interactions with the oyster microbiota, they are highly diverse
in oysters and abundant in the mucus covering oyster epi-
thelial surfaces [29]. Lectins found in oyster mucus have
been attributed to infiltrating haemocytes, mucocytes and epi-
thelial cells. This attribution is based on a comparison of
proteins found inmucosal secretions with proteomic and tran-
scriptomic data from specific oyster tissues [29]. Among
their diverse functions, lectins are involved in host–microbe
interactions both in parasitic and mutualistic contexts. For
instance, C-type lectins in shrimp agglutinate bacteria
selectively [67] and theymaintain the homeostasis of the intes-
tinal and haemolymph microbiota [68,69]. In oysters, C-type
lectins may participate in the control of bacteria as demon-
strated for CgCLec-3, which is expressed by haemocytes and
agglutinates specific bacterial species [70]. The massive diver-
sification of C-type lectins in the genome ofC. gigas (154 genes)
[20] indicates an uncovered diversity of putative functions and
putative specificities in the interaction with the microbiota.
A similar phenomenon of diversification was decribed for
the complement C1q domain containing proteins (164 genes
inC. gigas), whose expression is induced upon biotic challenge
[21], and which may act as opsonins to promote phagocytosis
as shown for the plasma protein p1-CgC1q [71].

A number of pallial mucus proteins likely to recognize
and/or control parasites and microbes have been identified
[29]. These include several invertebrate thioester-containing
proteins (TEPs) similar to Biomphalaria glabrata BgTEP, which
forms an immune complex with fibrinogen-related proteins
produced by the molluscan host and mucins produced
by the parasite Schistosoma mansoni [72]. This haemocyte-
expressed protein binds to a diversity of bacteria suggesting
an opsonin role [73], like in insects [74,75]. Pallial mucus also
contains the DMBT-1 protein (deleted in malignant brain
tumors 1 protein) [29], which functions in mucosal immunity
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by mediating bacterial recognition and countering invasion
[76]. In C. gigas its expression is suppressed by pathogenic
Vibrio, which have the ability to bypass host defences [45].
Finally, two ferritins were found in the pallial mucus [29].
Ferritins are iron-scavenging proteins that participate in the
so-called nutritional immunity. By depriving bacteria of
iron, these host proteins can help limit bacterial growth.
The fight for iron is key in the control of infections by
Vibrio, which produce their own siderophores, such as vibrio-
ferrin, for the uptake of this essential nutrient [77]. Recent
results have shown the key role of iron homeostasis in
the structuring and assembly of pathological microbial
communities in oysters [47].
Phil.Trans.R.Soc.B
379:20230065
4. The microbiota shapes the oyster
immune system

Multicellular organisms exist as complex ecosystems, also
known as holobionts, composed of both the animal host
and its associated microbiota [78]. Interactions between
the host and its microbiota implies complex feedbacks.
If the immune system orchestrates the maintenance of key
features of the host–microbiota interactions and establish-
ment of the microbiota community, the latter, in return,
plays a critical role in the development, education and func-
tion of the immune system [5,79,80]. The sequencing of
the C. gigas genome has revealed a remarkable expansion
and functional divergence of immune gene families in this
species [20,21]. Their expression profiles revealed specific
responses to a diversity of microbial challenges. On an evol-
utionary scale, it has been argued that the dynamic and
pathogen-rich environment of oysters has created complex
biotic and abiotic stresses, constituting strong selection press-
ures that have led to a major diversification of the immune
system. On the scale of a lifetime, the early life is recognized
as a crucial window of opportunity during which microbial
colonization sets appropriate immune development and
establishes the foundation for lifelong immunity. Studies in
humans and in a vast array of vertebrates or invertebrate
animals has demonstrated that colonization of complex
microbiota or single symbionts in early life does not only
impact the maturation of the mucosal and gut immune sys-
tems, but also modulates the systemic immune response
[81–87]. In addition, there is compelling evidence that early
life environments can induce long-lasting changes in the
immune system of progenies and have critical impacts on
health and disease. Notably, it has been shown that non-
pathogenic microbial exposures during critical periods of
development in mammals favourably imprint immunity, pro-
moting protective immunity that reduces risk of disease later
in life [88].

As filter feeders, oysters evolve in a rich microbial
environment, under constant interaction with pathogenic,
commensal and beneficial microorganisms. In a recent study,
Unzueta-Martínez et al. showed that not all members of the
oyster-associated microbiota are governed by the same eco-
logical dynamics and that both horizontal and vertical
transmission routes are possible [13]. Particularly the authors
identified some members of the bacterial communities that
establish at early developmental stages (from gametes to
spats) and persist across multiple life stages [13]. Since
initiation of the immune system occurs early in the oyster
development [49,50], this early microbiota association raises
numerous questions about its impact on the immune system
maturation. In C. gigas, another recent study showed that an
early larval exposure to a non-infectious environmental micro-
biota can induce a systemic immune response that confers a
protection against the Pacific Oyster Mortality Syndrome
[25]. Remarkably, this early exposure resulted in a lifelong
and intergenerational increased immune competency that
persisted far beyond the initial exposure. The exposure
impacted the diversity and shifted the composition of the
oyster microbiota. Because of the overall versatility of oyster
microbiota, we can speculate that this control over microbiota
takes place at the functional group level by shaping a commu-
nity of bacteria with various taxonomies that perform key
functions. Increased immune competency was supported by
a long-term reprogramming of immune gene expression
within and across generations, and notably correlated
with differential expression of conserved pathogen recog-
nition receptors (PGRP, lectins, scavenger receptors, TLR,
RLR, macrophage receptor), innate immune pathways
(IFN-TLR-JAK/STAT pathways) and antimicrobial effectors
(TNF, proteinases, SOD, interferon-stimulated genes, AMPs).
Moreover, this phenotype was associated with heritable
changes in epigenetic signatures (DNA methylation patterns)
that are reminiscent of mechanisms underlying innate
immune memory response in mammals and plants [89,90].
Remarkably, epigenetic variations affecting immune pathways
have been shown to confer rapid adaptation to pathogenic
pressure in oyster [91]. The hypothesis beyond a microbiota-
induced memory is a continuous reshaping of cellular
signaling pathways and microbiota, which resulted in long-
term heritable epigenetic imprinting (figure 2, left panel).
The study by Fallet et al. [25] thus perfectly illustrates the con-
tinuous cross-talk between host and microbiota and its role in
disease susceptibility or resilience.

This study resonates with emerging concepts on the impact
of environmental signals, either biotic or abiotic, on epigenetic
changes responsible for heritable phenotypic outcomes [92–94]
and on innate immune memory formation (also known as
trained immunity) [89,90,95]. In mammals and arthropods,
commensal microbiota was shown to shape immune
capacities, not only at early stages, and to have a systemic
effect on the immune response, inducing enhanced resistance
towards a vast array of unrelated pathogens [96–103]. These
findings are reminiscent of evidence of symbiont-mediated
immune priming (reviewed in [104]) showing the impact
of beneficial symbionts on immune capacities. In C. gigas,
long-term immune priming capacities were evidenced using
either non-pathogenic bacteria or viral mimic pre-conditioning
[105,106]. These data confirmed that non-pathogenic microbial
exposures can promote the generation of protective immunity,
further suggesting complex interactions between microbiota
and immunity, and the potential for some members of oyster
microbiota to drive innate immune memory and support
enhanced survival.
5. Fatal breakdown of homeostasis: loss of
control of the microbiota

Homeostasis is crucial to maintain internal stability and
balance in the face of fluctuating environmental conditions.
Studies on cnidarians nicely illustrate that the stability of the
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association between a host and its microbiota is crucial for
health [107] and to cope with the environment [108,109].
In humans, dysbiosis leads to disease development and pro-
gression, through dysregulation of community composition,
modulation of host immune response, and induction of chronic
inflammation [110].

As oysters are both osmoconformers and eurythermal, the
microbial communities they host are naturally exposed to sig-
nificant changes in osmolarity and temperature over days
and seasons, two factors that modulate microbial community
dynamics, either directly or indirectly, by modulating oyster
physiology and immunity [111]. Not surprisingly, healthy
oysters—which exhibit extended physiological limits—also
tolerate important variations in the structure of their micro-
biota (see §2 and figure 2, left panel). At the metaorganism
level (the holobiont), this plasticity may increase oyster adap-
tatibility to rapidly changing environmental conditions,
which they experience in intertidial coastal marine systems.
However, the balance between a fluctuating microbiota and
an effective—but still tolerant—immune system is fragile.
Like in other animal species, a compromised homeostasis can
have detrimental effects on oyster health by creating an
unfavourable environment for the beneficial microbial popu-
lations and promoting the often irreversible proliferation of
harmful microorganisms. Thus, in some instances temperature
fluctuations, changes in salinity, acidification, hypoxia, anti-
biotic exposure or nutrient availability alter oyster physiology
in a way that it affects their ability to maintain a stable internal
environment [112,113]. Thereby, environmental factors can
contribute to the breakdown of homeostasis (figure 2, right
panel). Thus, the highly dynamic composition of oyster
haemolymph microbiota can be indicative of major changes
in oyster health status. It is actually often accompanied by dras-
tic changes in the composition of the haemocyte formula (i.e.
the relative abundance of the different populations of haemo-
cytes) and counts, and a rapid migration of haemocytes in
oyster tissues (for review see [51]). For instance, heat stress
decreases the stability of the haemolymph microbiota in
C. gigas, resulting in increased mortality in response to infec-
tions [114]. Particularly, destabilization of the oyster
haemolymph microbiota can facilitate infection by Vibrio [40],
which are recruited from the oyster environment [47]. Dra-
matic events are observed when an abiotic stress co-occurs
with an exposure to a pathogen. For instance, marine heat-
waves, i.e. ‘discrete prolonged anomalously warm water
events’, enable proliferation of Vibrio in oyster tissues and
lead tomassmortality events [115]. Similarly, shifts in tempera-
ture control the fatal outcome of V. aesturianus infections in
oyster [116]. In this particular case, the bacterial microbiota
shifts from highly diversified to dominated by one single
species [117,118].

Interactions between the immune system and microbiota
have strong effects on development of Pacific Oyster Mortality
Syndrome (POMS), a major threat to the aquaculture industry.
POMS, which is both polymicrobial and multifactorial
[119,120], is a classic example of biotic and abiotic factors
triggering dysbiosis and leading to oyster death. When the
seawater temperature rises above 16°C, important changes in
the microbiota occur in response to infection with the OsHV-1
µVar virus: the bacterial groups which are normally the most
abundant tend to decrease while some rare and opportunistic
bacteria proliferate and become pathobionts, particularly
Vibrio [112] and Arcobacter [117]. Elucidating the sequence of
events involved in POMS development by comparing resistant
and susceptible oyster families revealed thatmicrobiota homeo-
stasis breakdown is central to the pathogenesis process [23].
Sequentially, the infection by OsHV-1 µVar triggers an
immune-compromised state that induces microbiota dysbiosis
and subsequent bacteraemia, ultimately leading to oyster
death. Fatal dysbiosis is accompanied by invasion of the con-
nective tissue by opportunistic bacteria and in particular
Vibrio and Arcobacter, which are consistently associated with
oyster death [26]. The virus alters antibacterial defences by
infecting haemocytes and reprogramming their functions.
OsHV-1 µVar alters more particularly AMP expression, which
coincides with a loss of control of microbial communities 24 h
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after viral infection [23]. The sequence of events leading to
dysbiosis and oyster death is conserved across infectious
environments in France (Mediterreanean, Atlantic) and oyster
genetic backgrounds [26]. Moreover, using a combination
of amplicon sequencing andmetatranscriptomics, a core patho-
biota assemblage was identified; it colonizes oysters during the
secondary bacterial infection of oysters in POMS. Arcobacter,
Vibrio, but also Amphritea,Marinobacterium,Marinomonas,Ocea-
nospirillum and Pseudoalteromonas, together represented up to
40% of the bacterial gene expression at the onset of oyster mor-
tality. Bacteria of the Vibrio genus associated to POMS (V.
crassostrea, V. tasmaniensis or V. harveyi according to environ-
ments) were shown to actively participate in the pathogenic
process by dampening oyster cellular defences and by produ-
cing public goods such as siderophores, which benefit not
only the producer but also other members of the population
or local community to import iron, which is key for bacterial
growth [45,47]. Such cooperative behaviours, which make
oyster a more favourable environment for microbial prolifer-
ation, were key in structuring the Vibrio community
associated with POMS [47]. Much more remains to be explored
regarding the social interactions at play (cooperation, cheating,
competition) in the POMS pathobiota. The transcriptional
response of the pathobiota was conserved between Mediterra-
nean and Antlantic environments with a major increase
in general metabolic pathways reflecting a highly active
microbial community growing on amino acids and lipids
from dying oyster tissues. Members of the pathobiota overex-
pressed different metabolic pathways, reflecting differential
use of the nutritive resources provided by the diseased oyster
host. The complementarity observed could be due to the
synergy between various genera participating in different
stages of biogeochemical cycles, with the growth of one genus
promoting the growth of others. Itmay also be attributed to lim-
ited competition for resources among these genera, implying an
efficient utilization of the diverse resources in the oyster
environment, supporting the robust growth of bacteria with
distinct metabolic characteristics. This functional complemen-
tarity may explain the taxonomic conservation of the POMS
pathobiota [26].
6. Implications for applied perspectives
(a) Probiotics
A probiotic is, by the definition of the Food and Agriculture
Organization (FAO), a ‘live microorganism, which when con-
sumed in adequate amounts, confers a health benefit on the
host’ [121]. The use of probiotic strains is already developed
for animal production, and it is considered a promising eco-
responsible and prophylactic alternative to antibiotics [122].
Probiotics can compete with pathogens by producing diverse
antimicrobial substances (bacteriocins, antioxidant molecules),
modulating the innate immune system of the host, interfering
with microbial communication systems (quorum quenching
effect), producing beneficial metabolites, and helping for nutri-
ent adsorption [123]. Regarding probiotics for oyster farming,
two of the above strategies are being developed: the direct com-
petition with pathogens and the modulation of the innate
immune system [124]. For example, exposure of C. gigas
larvae to Pseudoalteromonas sp. capable of inhibiting the
growth of V. coralliilyticus improved larval survival during
V. coralliilyticus infection [125]. Similarly, the administration
of Streptomyces sp. strains RL8 to juvenile Crassostrea sikamea
oysters induced significantly higher weight gain and increased
antioxidant activity [126].

The natural microbiota of oysters may help identify new
probiotics candidates to be used in prophylactic measures.
Because of the versatilityof oystermicrobiota and the rapid dis-
turbance of host genotype–microbial community associations
upon external stress, it has been argued that microbiota may
be difficult to manipulate and use to improve oyster resistance
to disease [38]. It may indeed be difficult to implant probiotic
strains stably in oysters. Nevertheless, oyster families with con-
trasting susceptibility to POMS harbour different microbiota
compositions [9,15,112]. Bacterial taxa Colwelliaceae, Cyano-
bacteria and Rhodobacteraceae are indeed significantly
associated with oyster families harbouring higher resistance
to POMS [15]. Beyondmembers of the oyster microbiota, coha-
bitation of oysters withmacroalgae mitigates their resistance to
POMS by modifying microbiota composition and affecting
transcriptional response to OsHV-1 infection [127]. We argue
that modulating oyster physiology and immune system
through microbial exposure is a promising way to increase
resistance to pathogens.
(b) Microbial education and immune priming
Another promising use of natural microorganisms as a tool
to fight infectious diseases indeed consists in educating the
host immune system during its ontogenesis. It is expected
that focusing on this crucial developmental stage will result
in lifelong and potentially transgenerational beneficial
immune properties. Such a microbial education has already
been applied successfully in fish [83] and molluscs [25]. More
studies are still needed for understanding the basic mechan-
isms of early life oyster–microbiome interactions, the bases of
the immune system developmental plasticity in oysters, and
how this may be translated into applications. Already,
microbial management methods are applied in aquaculture
to promote healthy microbe–larvae interactions [128–131].
The immunomodulatory properties and long-term health
benefits of such practices have been demonstrated in fish and
shrimp [132]. Further studies are necessary to apply such strat-
egies during oyster larval rearing. This will require further
exploration on how the cross-talk between oyster and micro-
biota is established during development, with emphasis on
critical temporal windows. It will also be necessary to precisely
define the contributions of specific microbial species of oyster
origin to early oyster life immune imprinting and to oyster
health status at a juvenile/adult stage. Recent study on the
impact of microbiota on oyster immune capacities helped
identify bacterial taxa and species overrepresented in animals
exposed to microbiota at an early developemental stage,
which show increased immune capacities (Rhodobacteraceae,
Halomonadaceae, Shewanellaceae and Oceanospirillaceae)
[25]. This could help design microbiome-based prophylactic
strategies and/or disease mitigation strategies with microbiota
species acting as modulators of immune responses (essentially
applicable in hatcheries, at stages were larvae can be kept in
recirculated water). Elucidating the exact molecular relation-
ship between microbe-derived metabolites, host immune
signalling pathways, epigenetic modifications and host
physiology will need further investigation.

In addition, a growing body of evidence shows that the
innate immune system displays memory traits providing a
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survival advantage within and across generations [133].
Immune plasticity and memory capacities have been evi-
denced in molluscs including oysters [25,105,134,135].
Building on these properties could help design pseudo-
vaccination strategies (known as immune-priming) based on
nonpathogenic microbial exposures to promote protective
immunity in individuals and their offspring.
ing.org/journal/rstb
Phil.Trans.R.Soc.B
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7. Conclusion and future directions
Recent literature has highlighted the highly dynamic nature of
the oyster bacterial microbiota, under the influence of a rapidly
fluctuating biotic and abiotic environment and host factors
(genetics, development and physiology). Such dynamicmicro-
biota may have contributed to shaping a highly diversified
repertoire of oyster immune genes [20] whose functions
remain far from being understood. This makes the oyster a fas-
cinating organism to investigate the cross-talk and reciprocal
shaping of the microbiota and the immune system. While
microbial communities were shown to educate the immune
system during the early stages of oyster development, the
role they play at an adult stage remains unclear. Answering
such an essential question requires a deeper understanding
of microbial community gene functions, beyond descriptions
of their taxonomic composition. Although recent progress
has been made in this direction [11,26,136], it is not clear yet
whether oyster microbiota is shaped according to microbial
community gene function and regulation, particularly in a
healthy context. To address this challenging question, several
difficulties have to be circumvented. First, in order to reveal
the array of functions undertaken by microbial communities
within distinct tissue environments, it is imperative to examine
the biogeography of microbiota gene expression at more
detailed levels. Second, beyond bacterial communities of the
oyster that are typically studied, it is essential to consider
diverse microbial members (e.g. protists, viruses) to fully
understand the roles of microbiota in health and disease.
Indeed, oyster-associated bacteriophages have co-evolved
with Vibrio populations causing pathologies in oysters [137].
Furthermore, bacteriophages play a key role in the marine
environment bymodifying the metabolism of infected bacteria
by altering the expression of auxiliary metabolic genes and
reorienting host gene expression patterns [138]. This highlights
the need to consider the complexity of the microbiota if we are
to fully understand its role in oyster health and disease. Future
studies should also address the role and specificities of host fac-
tors in shaping oyster-associated microbial communities.
Indeed, not only is there often a strong genetic component in
the capacity of oysters to control infections [139], but there
are also key physiological determinants controlled by the
environment (e.g. oyster reproduction stage) or the develop-
mental stage that need further investigation [119]. Finally,
many immune factors remain poorly characterised in oysters.
Despite their key role in controlling infections, the diversity
of oyster haemocytes (in terms of lineage, gene expression,
activity) and their interactions with commensal and beneficial
microbes have received little study. Similarly, oysters are
known to have impressive immune gene and AMP diversifica-
tion, which may have evolved to adapt to changing microbial
environments, as recently evidenced for some insect AMPs
[65]. However, the roles of many of these diversified oyster
immune genes in the fight against pathogens and the tolerance
of beneficial microbial communities are as yet unknown.
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