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Knowledge of the genetic structure of
the Vibrio population provides a frame-
work for mapping disease properties
and the analysis of the evolutionary
and ecological dynamics of these
organisms.

Specific-pathogen-free (SPF) oysters
have recently been developed, enabling
the study of disease ecology in ocean
environments.

High-resolution environmental sam-
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Disease dynamics in the wild are influenced by a number of ecological and
evolutionary factors not addressed by traditional laboratory-based characteri-
zation of pathogens. Here we propose the oyster,Crassostrea gigas, as a model
for studying the interaction of the environment, bacterial pathogens, and the
host in disease dynamics. We show that an important first step is to ask whether
the functional unit of pathogenesis is a bacterial clone, a population, or a
consortium in order to assess triggers of disease outbreaks and devise appro-
priate monitoring tools. Moreover, the development of specific-pathogen-free
(SPF) oysters has enabled assessment of the infection process under natural
conditions. Finally, recent results show the importance of microbial interactions
and host genetics in determining oyster health and disease.
pling, population and functional geno-
mics, combined with high-throughput
infection assays, can lead to identifica-
tion of the functional unit of pathogen-
esis in oysters.

The unit of pathogenesis in an oyster
can be a population, a consortium of
populations, or a clone.

Oyster pathogenesis ultimately also
involves the coevolutionary interplay
between vibrios, oysters, and their
microbiota.
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Involvement of Vibrios in Oyster Disease
Vibrios are ubiquitousmarine bacteria that are ecologically andmetabolically diverse members of
planktonic and animal-associated microbial communities [1,2]. They have been called ‘oppor-
tuni-trophs’ [3] due to their high metabolic versatility and genetic variability coupled with
chemotaxis and quorum sensing (see Glossary), all of which allow high colonization potential
[4,5]. Vibrios encompass the ancient and well-studied human pathogen, Vibrio cholerae, as well
as some less thoroughly characterized opportunistic pathogens capable of infecting humans,
including Vibrio parahaemolyticus and Vibrio vulnificus [2]. Even less well understood are the
consequences of Vibrio infections in other animals, including fish, coral, shrimp, and mollusks;
however, infections in these organisms can have important environmental and economic con-
sequences [6]. In particular, vibrios have been suggested to be responsible for repeated mortality
outbreaks in oyster beds (Crassostrea gigas) in France that have resulted in losses of up to
80–100% of production (Box 1). However the onset and progression of disease in the wild has
been difficult to follow in the past. Hence, it is often not clearwhether vibrios isolated fromdiseased
oysters are the causative agent, secondary opportunistic colonizers, or commensals [7].

Vibrios appear to employ a diversity of molecular mechanisms to infect oysters, albeit our
knowledge is based mainly on very few model strains. For example, infection with Vibrio
tasmaniensis LGP32 [8] involves an intracellular phase in hemocytes, which are the oyster's
immune-competent cells, and resistance to (i) antimicrobial peptides (AMPs), (ii) reactive oxygen
species (ROS) and (iii) copper [9–12]. Vibrio aestuarianus, by [15_TD$DIFF]contrast, interacts with hemocytes
extracellularly and inhibits their phagocytotic abilities [13,14]. A common theme, however, is
that metalloproteases have been linked to toxicity in V. tasmaniensis, V. aestuarianus, Vibrio
corallilyticus, and Vibrio tubiashi [13,15,16]. Nonetheless, the disruption of [17_TD$DIFF]the gene [18_TD$DIFF] encoding
metalloprotease in V. tasmaniensis does not result in an attenuation of virulence [17], and the
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Box 1. Mortality Outbreaks in Crassostrea gigas

Due to its potential for rapid growth and a wide range of tolerance to environmental conditions, Crassostrea gigas has
become the oyster of choice for aquaculture in many regions of the world, such as Canada, the USA, Mexico, France,
Ireland, China, and Japan [70]. Oysters can be collected from the environment (wild oysters) or cultivated to juvenile size
([8_TD$DIFF]see Figure 2 [9_TD$DIFF] in main text) using wild or hatchery-produced seed. In hatcheries, bacterial infections of larvae are common,
and are most frequently attributed to vibrios [71–73].

Thirty years after its introduction into France, mass mortalities have affected C. gigas threatening the sustainability of
economically important aquaculture as well as biodiversity of wild populations. First, until 2008, oysters (juvenile and
adults) were affected by what has been termed ‘summer mortality syndrome’ that occurred at a threshold temperature of
19 8C and was geographically restricted [74]. This syndrome was influenced by physiological stress associated with
maturation, abiotic conditions, genetic traits of the host, and aquaculture practices [74]. In addition, summer mortalities
have been associated with the presence of several infectious agents: an ostreid herpes virus [75], designated OsHV-1,
and bacteria of the genus Vibrio, namely [10_TD$DIFF]Vibrio aestuarianus, [10_TD$DIFF]Vibrio harveyi, and strains belonging to the Splendidus
super clade [18,20,76].

Second, since 2008, deaths of juvenile oysters have increased considerably, and current mortality levels range between
60% and 90% [77]. These events are more widespread because they occur at a lower threshold temperature (168C) and
extend to all coastal regions (Atlantic, Channel, and Mediterranean) [78]. Previous research efforts have mainly focused
on the hypothesis that this disease results from the emergence of a new genotype of the herpes virus, OsHV-1 mvar [78].
However, using specific-pathogen-free (SPF) oysters, it has been observed that rapid colonization by diverse vibrios
precedes the viral replication [11_TD$DIFF]under [12_TD$DIFF]field conditions [7]. It has also been demonstrated that the virus is neither essential nor
sufficient to cause juvenile deaths, whereas bacteria are necessary for the disease process [7]. This emphasizes the need
to investigate the role of bacteria, particularly vibrios, in this disease.

Third, since 2012, the number of reported cases of adult mortalities associated with the presence of V. aestuarianus has
increased considerably [79]. Interestingly, during the 2008–2012 period, this bacterial species had been rarely isolated
from moribund oysters, suggesting the possible (re)emergence of V. aestuarianus as an oyster pathogen.

Finally, to date, these recurring mass mortalities have not been observed in other European regions. Invasive populations
of C. gigas in Northern Europe have only been affected by isolated disease events (e.g., Norway, in 2014, and Southern
Wadden sea [48]) or have been spared entirely, so far (e.g., Northern Wadden Sea).
presence or absence of this gene is not diagnostic for pathogenicity [18]. Finally, it should be
emphasized that, although all of these model strains were isolated from diseased animals, they
have not been found in repeated surveys. In fact, naturally infected oysters are typically colonized
by a diverse assemblage of vibrios [7,19–21] and it has been hypothesized that this diversity may
contribute to pathogenesis [8]. Indeed, despite the widely shared concept in veterinary medicine
that the functionally active unit of pathogenesis is a single strain, numerous examples of
genetically diverse pathogens or polymicrobial disease have been described [22].

Considering the uncertainties outlined above, it is not a priori clear what represents the functional
units of pathogenesis in oyster disease. Are such units clones that have emerged after recent
acquisition of virulence factors, populations of closely related organisms with virulence as a core
function, or a specific consortium where virulence (or severity of pathogenesis) is an emergent
property of their specific interaction? Exploring these questions is important for diagnosing,
predicting, and preventing disease outbreaks in aquaculture, and requires understanding of the
complex ecological and evolutionary dynamics of infectious agents.

In this review, we propose that the oyster, C. gigas, and Vibrio pathogens can be used as a
model to explore disease dynamics in wild animals. This is now possible because of several
recent developments. First, vibrios have been subject to population genetic analysis, which has
allowed the delineation of functionally and genetically cohesive ecological populations. These
provide a framework for mapping of disease properties combined with analysis of their envi-
ronmental dynamics and interpretation of selective mechanisms. Second, SPF juvenile oysters
have recently been developed, enabling experimental infections under near-natural conditions
but without the potential confounding effect of prior infections by unknown environmental
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Glossary
Allopatric: a set of sampled isolates
or genomes from different geographic
areas, between which barriers to
migration and gene flow are
significant.
Clone: a group of genetically
identical individuals.
Consortium: two or more microbial
groups living in close association and
interacting in a predictable manner.
Core genome: the set of genes
present in all members of a clade or
population.
Ecological population: a genetic
unit representing a cohesive ecology,
gene flow, and social attributes.
Flexible genome: the set of genes
present in only a fraction of the
members of a clade or population.
pathogens [23]. Finally, the development of genetic tools to manipulate [16_TD$DIFF]non-model Vibrio strains
offers a unique opportunity to demonstrate the functional role of selected genes in virulence. We
show how high-resolution environmental sampling, population and functional genomics, com-
bined with high-throughput infection assays can lead to identification of the functional unit of
pathogenesis (Box 2). Moreover, we explore the coevolutionary interplay between vibrios,
oysters and their microbiota.

Population Structure as a Framework for Analysis of Disease Dynamics
In ecology, the term ‘population’ refers to coexisting individuals of the same species, sharing a
common gene pool and habitat. Importantly, a common gene pool ensures that adaptive genes
can spread in a population-specificmanner, making populations units of gene-flow and ecology.
However, because horizontal gene flow was postulated to erode population structure among
microbes [24], such a textbook definition was thought to apply only to sexually reproducing
eukaryotes. Indeed, the term ‘population’ is used very loosely in microbiology, often referring to a
range of genetic units from clonal cultures to operational taxonomic units defined by arbitrarily
fixed sequence-similarity cutoffs. Nonetheless, recent work has shown that, for microbes, it is
Gene-specific selective sweep:
the process in which an adaptive
gene or allele (possibly a niche-
specifying variant) spreads in a
population by recombination faster
than by clonal expansion. The result
is that the adaptive variant is present
in more than a single clonal
background, and that diversity is not
purged genome-wide.
Genome-wide selective sweep:
the process in which an adaptive
gene or allele (possibly a niche-
specifying variant) spreads in a
population by clonal expansion of the
genome that first acquired it. The
result is that diversity is purged
genome-wide, and that the adaptive
variant is linked in the same clonal
frame as the rest of the genome.
Horizontal gene transfer (HGT):
the incorporation of foreign DNA into
a genome. Incorporation can be
mediated by either homologous
recombination or nonhomologous
recombination of DNA that enters a
cell via transformation, transduction,
or conjugation.
Microbiota: a community of
microorganisms inhabiting a host.
Polymicrobial disease: an infection
of an individual by a mix (coinfection)
of two or more strains, populations,
or microbes, either together or
sequentially.
Quorum sensing: a system
mediated by the production of
signaling molecules, inducing a
genetic response correlated to
population density.
Sympatric: a set of sampled isolates
or genomes from the same
geographic area, within which

Box 2. Population Genomic Tools for Understanding the Functional Unit of Pathogenesis

Investigating the functional unit of pathogenesis requires an unbiased sampling strategy which takes the ecology of the
putative pathogen population into account rather than just collecting strains from moribund animals. Because vibrios are
pathogens that can occupy diverse, nonhost-associated habitats ( [8_TD$DIFF]see Figure 1 [13_TD$DIFF] in main text), analysis of animal-
associated vibrios should be performed in the context of a metapopulation framework, that is, by considering how
dispersal connects hosts and alternate habitats, which may act as reservoirs of pathogenic populations (e.g., organic
particles in the water column and zooplankton).

Sampling should also reflect the biogeography of the host in terms of both genetic structure [67,80] and disease history.
The independent and genetically distinct sources of Crassostrea gigas in Northern Europe that represent a gradient of
disease severity (Box 1) offer an excellent background for setting up such informative comparisons.

The analysis of microbial population structure requires sufficient genomic coverage that can detect small differences with
high precision since ecological populations are frequently differentiated below the commonly used 16S rRNA marker
genes. Hence multilocus sequence analysis (MLSA) [81] or genomic sequences should be used to differentiate
pathogenic populations from benign relatives. High-resolution genetic analysis can also be coupled with tools, such
as AdaptML previously used to delineate ecological populations [29] that can link genetic structure to environmental
features or habitats. This ultimately allows mapping of pathogenicity onto population structure to identify the functional
unit of pathogenesis.

Evolutionary analysis can highlight new virulence factors and mechanisms. Performing whole-genome comparative
analyses of closely related isolates with contrasting phenotypes from the same locality allows identification of genetic
variation specific to pathogenesis and/or ecological niches. These evolutionary changes can be found on two levels: the
core and the flexible genome. The exploration of allelic polymorphism within the core genome may show (i) an increased
allelic diversity as a potential sign of balancing selection (i.e., selectively maintained polymorphism), or (ii) reduced allelic
diversity indicating a gene-specific selective sweep. Different gene contents of the flexible genome, [14_TD$DIFF]by [15_TD$DIFF]contrast, highlight
genes possibly under frequency-dependent selection [32] and/or genes under positive selection that have very recently
been acquired but have not yet swept, or genes that are currently being lost from the population. Such analysis has
obvious implications for pathogenesis-determinant genes since these can be either part of the core or flexible genome.

Functional manipulation of candidate genes (knock-out/knock-in) is essential for the formal demonstration of the
predicted function. Several tools and methods have been developed to delete genetic elements [17] or remove plasmids
[82] in [16_TD$DIFF]non-model vibrios. The comparison of wild-type and mutant strains in experimental infections can reveal the role of
these genes in pathogenicity and/or host specificity. Mutagenesis efficiency can differ dramatically between closely
related strains [46], and we strongly recommend testing the feasibility of genetic approaches prior to genome
sequencing.

Pacific oysters represent an up and comingmodel system in research, leading to the development of a wealth of genomic
resources, including linkage maps, transcriptomes, and a whole genome sequence [83–86]. Disease resistance
encompasses a substantial genetic component that is responsive to selection [87], and the molecular diversity of
oyster immune effectors is well characterized [88–90]. Such potential target genes can be manipulated by RNA
interference [86], thus offering population genomic resources to functionally characterize host–pathogen interactions.
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barriers to migration and gene flow
are low or nonexistent.
Type III survivorship curve:
species with type III survivorship
curves show the highest age-specific
mortality in early life stages, which is
typical for most marine invertebrates,
including oysters.
also possible to define genetic, ecological, behavioral, and social units akin to populations of
plants and animals [25,26]. Because vibrios have served as major models in this effort, we can
apply this population framework to the ecology and evolution of virulence.

Population structure in vibrios was initially explored in a series of studies which tested differential
association of genotypes with potential microhabitats in the same water samples (e.g., free-
living, organic particle-, or zooplankton-associated) or animal tissues (e.g., guts, gills) (Figure 1,
Key Figure) [27–29]. A major advantage of vibrios for such endeavors is that they can be easily
cultured, allowing multilocus or whole-genome sequencing to obtain fine-scale genetic resolu-
tion among individual isolates. Overall, these studies revealed populations as fine-scale geno-
typic clusters with differential environmental distribution, often below the resolution of rRNA
genes, which are typically used for microbial ecology studies [29]. For example, while some
populations were predicted to be primarily associated with different types of organic particles or
zooplankton, others were predominantly free-living. Subsequent work showed that these
Key Figure

A Model for Oyster Colonization by Vibrios
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Gills
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Figure 1. In seawater, vibrios coexist as closely related, ecologically differentially associated populations (white: free living;
blue and red: particle-associated; black: animal-associated) [1_TD$DIFF] [29]. These populations may harbor virulence genes (vibrios in
red), hence serving as reservoirs of pathogens [21]. To successfully colonize the host, cells must be taken up through the
gills and be able to evade the immune system (large gray cell: hemocyte; orange crosses: immune effectors such as
antimicrobial peptides) as well as compete with resident bacteria (colored microcells: microbiota)[19,63]. Evidence also
suggests that cooperation between virulent and nonvirulent populations may enhance pathogenicity, especially in the early
stages of colonization [21,49]. Mutualistic and antagonistic interactions are [5_TD$DIFF]shown by [6_TD$DIFF]unbroken and [7_TD$DIFF]broken thin arrows,
respectively.
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populations also represent gene flow units through which adaptive genes and alleles can sweep
[30]. This indicates that they are gene flow units with recombination within exceeding that
between populations [31].

An important consequence of the population framework outlined above is that it allows (i) analysis
of environmental dynamics and reservoirs of potential pathogens, and (ii) interpretation of the types
of selection acting on pathogenicity determinant genes [32]. First, the ecology of pathogens in the
water column might influence the infection dynamics. As detailed further below, oysters are filter
feeders with a strong preference for retention of larger particles, raising the possibility that
pathogens attached to particles possess a higher probability of contact and hence infection
[33]. Moreover, the dynamics of the population outside the oyster host may have important
consequences for when and where infection is more likely to occur. This includes population
blooms triggered by specific environmental conditions [1], reactivation of viable-but-noncultivable
(VBNC) forms [34], as well as action of predators such as grazers or phages [35–37]. Second,
observed population structure may yield insight into the evolutionary history of the pathogens and
types of selection acting on genes encoding pathogenicity determinants. For example, if these
genes are present in all members of a population, and hence represent a core function, it can be
assumed that they are under strong positive selection. [19_TD$DIFF]By [15_TD$DIFF]contrast, if traits are present intermit-
tently in nonclonal strains within a population, theymight be under frequency-dependent selection
[38,39] (i.e., they may be beneficial when rare, but increasingly detrimental when more common).
Forexample, somesurfacestructures, suchas theO-antigenorpili, canact asvirulence factorsbut
they are also targets for bacterial predators such asphages andprotozoa [40,41]. Thesedynamics
maintain variability among closely related strains by frequent exchange by horizontal gene transfer
(HGT) of different variants, including frequent gene loss andaddition. Finally, if pathogensare highly
clonalmembers of an otherwise diverse population, a recent evolutionary originmight be indicated
via a clonal expansion or a genome-wide selective sweep. Importantly, such evolutionary analyses
will also influence monitoring strategies since populations that have pathogenicity as a core
function can be detected in broader surveys by some marker gene, while more clonal pathogens
most likely require targeting genes encoding pathogenicity determinants.

Experimental Ecology: Closing the Gap between Natural and Laboratory
Infections
Investigating pathogenesis requires an animal model of infection. Attempts to kill oysters by
immersion in Vibrio-contaminated seawater have frequently proven unsuccessful, and have
necessitated reliance on infection via injection [12]. Although mortality often appears within a
few days, injection does not reflect the natural route of infection and may thus exclude important
factors (e.g., chemotaxis andcolonization).Moreover, asmentionedabove, infection in thewildmay
also be enhanced by association of pathogens with zooplankton or phytoplankton and organic
particles (Figure 1). Vibrio populations can assemble in oysters via continuous inoculation through
their filter-feeding mode of nutrition where water is being pumped at high rates through the gills.
These act as a sieve, capturing food particles in the optimum range of 5–10 mm and moving them
[20_TD$DIFF]towards the mouth [33]. In this process, mucus- and gill-associated microbiota may constitute a
first defense against vibrios [42,43]. Thus, laboratory infection of animals where cultured bacteria
are simply provided in a monoclonal state is unlikely to yield an accurate understanding of the
factors that contribute to virulence. Identifying the microhabitats of pathogens [29] may further
facilitatedevelopment of anexperimental infectionmodel representativeof the natural route (e.g., by
mimicking organic particles through use of adapted polymeric substrates) and allow for a better
understanding of the mode of transmission and primary tissue targets for pathogens.

The recent development of SPF juveniles of C. gigas constitutes an important step forward
towards investigating natural infection mechanisms (Figure 2). SPF oysters are descendants of a
pool of genitors that are produced in hatcheries under highly controlled conditions to minimize
Trends in Microbiology, Month Year, Vol. xx, No. yy 5
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Figure 2. Experimental Ecological Tools and Design. Specific-pathogen-free (SPF) oysters are hatchery-produced
descendants of a defined pool of genitors that are raised under pathogen-free conditions (for details see [23]). (A) The
Crassostrea gigas life cycle comprises a pelagic phase and a benthic phase where larval metamorphosis is followed by
attachment to a substrate. The juveniles are raised under controlled conditions, that is, UV-treated seawater, stable
temperature, and high-nutritional-value algal-feeding regime. (B) SPF juvenile oysters [low Vibrio load, absence of detectable
ostreid herpes virus (OsHV-1)] can be used in the natural environment as sentinels to monitor the mortality rates during a
disease outbreak. Infected animals (donors) can also be brought back to the laboratory where they are incubated with SPF
oysters (recipients) to investigate detailed the dynamics of infection. This links the natural infection process experienced in
the field to controllable yet realistic laboratory experiments. (Pictures courtesy of Stéphane Pouvreau and Bruno Petton.)
the influence of genetic and environmental parameters that could affect the host sensitivity to the
disease [7,23,44]. SPF oysters are not axenic, as is the case with gnotobiotic animals developed
to explore infectious processes without interference or influence from unknown microbiota [45].
However, gnotobiotic models are restricted to laboratory studies and have not been deployed in
the environment to explore the disease in the wild. Cultivable bacterial microbiota and Vibrio
were shown to be about 103[14_TD$DIFF] CFU/mg and <1 CFU/mg of [21_TD$DIFF] SPF oyster tissue respectively [7].
Although the exact composition of the SPF microbiome remains unknown, it has not been
observed to cause disease even in prolonged maintenance of SPF oysters. SPF oysters can be
placed in the environment where the onset of mortality and cumulative mortality rates can be
monitored under natural conditions (Figure 2). Once disease has been detected, live animals can
be used in laboratory experiments to investigate the diversity and dynamics of microbes during
disease progression. Moreover, these SPF oysters can be used for high-throughput experi-
mental infections with hundreds of bacterial isolates [7,21,46]. Hence, standardized SPF oysters
constitute an animal model to (i) sample naturally colonizing vibrios from the environment, (ii)
allow natural progression of infection, and (iii) determine virulence mechanisms across pop-
ulations or strains of infecting vibrios.

Population as the Unit of Vibrio Pathogenesis
SPF oysters have recently been used in a field-based approach to investigate the disease
ecology of microdiverse Vibrio genotypes in oysters [21]. Briefly, SPF oysters were exposed to
natural seawater in the field during a mortality outbreak, and returned to the laboratory to
6 Trends in Microbiology, Month Year, Vol. xx, No. yy
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[2_TD$DIFF]Figure 3. Coexistence of Vibrio Populations May Contribute to Virulence in Infected Oysters. (A) Specific-
pathogen-free (SPF) oysters naturally infected in the field and then transferred to the laboratory to study Vibrio dynamics
during disease expression. Mortalities (gray bar, y-axis) were recorded daily (days 0 to 5, x-axis) and expressed as
percentages. Lines indicate the percentage of strains isolated from oysters belonging to nonvirulent (plain and dashed blue)
or virulent (red) populations (y-axis). (B) The virulent strain (J2-9, Vibrio crassostreae, in red) was intramuscularly injected into
oysters in pure culture, diluted in culture media (orange) or diluted with a pure culture of nonvirulent strains (blue). The
negative control is a pure culture of a nonvirulent strain, which was also injected. The proportion of virulent strains,
nonvirulent strains, andmedia in the injectedmix is illustrated by the colored circles. Mortality (gray bar, y-axis) was assessed
after 24 hours. These graphs are adapted from [21].
determine Vibrio dynamics during disease expression (Figure 3A). This study showed that the
onset of disease is associated with progressive replacement of diverse benign colonizers by
members of a virulent population defined according to the criteria outlined above. This popula-
tion was taxonomically assigned to the Vibrio crassostreae species [47]. Although the virulent
population is genetically diverse (average nucleotide identity �98%, Figure 4A), all members of
that population can cause disease, suggesting that virulence is a core function. Comparative
genomics with a closely related population (Vibrio spp., named here V. crassostreae-like,
Figure 4A), containing only nonvirulent strains, identified genes that were found only in virulent
strains and clustered in population-specific genomic regions. The importance of these loci for
V. crassostreae virulence was investigated using a genetic knockout approach. Among
81 population-specific genes, only one (R5-7, encoding a protein of unknown function) was
found to be necessary for V. crassostreae virulence. This suggests that the primary role of the
majority of population-specific genes is not related to pathogenicity in oysters. Instead some of
the genes were annotated as algae scavenging (e.g., arylsulfatase) and attachment (e.g., tad
gene cluster), indicating perhaps a role in interaction with algal detritus outside the host.

Core genome phylogeny reveals that the virulent population (V. crassostreae) and the nonvirulent
population (V. crassostreae-like) are very closely related to two populations (#12 and #13) that
have been isolated from seawater fractions collected at a coastal site in Massachusetts (USA)
where no significant oyster farming is occurring [29] (Figure 4A). Preliminary results suggest that
population #12 is virulent while population #13 is nonvirulent (Figure 4A). Although the relevance
of these populations for oyster disease has not been established in the wild, these findings
match the co-occurrence of V. crassostreae with its nonpathogenic relatives in France. In fact,
the biogeography suggests that both pathogenic populations are descendants from the same
lineage, possibly having speciated [22_TD$DIFF]in geographic isolation. In addition, the populations from the
US coastal site provide another example of coincidence of ecological population delineation with
virulence. The close relationship between virulent and nonvirulent populations demonstrates the
Trends in Microbiology, Month Year, Vol. xx, No. yy 7
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Figure 4. Phylogenetic Analysis Based on the Core Genome Reveals the Genetic Diversity of Virulent Strains
in Vibrio crassostreae (A) and the Clonality of Vibrio aestuarianus (B). The phylogenetic analysis was based on
concatenated alignments of core protein sequences for V. crassostreae with closely related populations (populations 12
and 13, Vibrio sp.) (A) and V. aestuarianus (B) (maximum likehood, courtesy of Maxime Bruto). Vibrio tasmaniensis (A) and
Vibrio ordalii (B) strains were used as an outgroup. A nucleic-acid-based phylogenetic analysis of core genes in V.
aestuarianus is shown at (C) (from [46]). Strains indicated by red and blue circles have been demonstrated, by oyster
injection, to be virulent and nonvirulent respectively. The screening of a larger collection of V. aestuarianus demonstrated
virulence for 93% and 79% of the strains belonging to clades a and b, respectively, while all V. aestuarianus isolates from
healthy oysters or other invertebrates were nonvirulent and phylogenetically more diverse (C).
importance of fine-scale differentiation, below the resolution level obtained by traditional marker
gene approaches, in assessing disease risk in the environment.

Several other studies assessing the distribution of vibrios in animals also support environmental
dynamics as an important factor in colonization. Surprisingly low specificity for animals was
suggested by comparison of Vibrio populations collected from seawater and different body
regions of mussels and crabs [28]. Importantly, for mussels, which can retain very small bacteria-
sized particles in their filtering apparatus, populations from the water column colonized the
animals at similar frequencies, suggesting very little selectivity. Similarly, neutrality of the associ-
ation between Vibrio and oysters was also suggested in C. gigas [19], although in this study
phylogenetic and ecological resolution may not have been sufficient to delineate populations. In
addition, no comparison of the Vibrio distribution between oyster and seawater was performed,
and the sampling site had no recorded oyster mass mortalities [48]. Hence, in the future, natural
infections of SPF oysters in areas affected by mass mortalities may constitute a suitable system
to investigate connectivity between hosts and environmental reservoirs. This may allow us to
specifically test to what extent oysters are a selective habitat for Vibrio populations, and which
specific Vibrio genotypes are favored during pathogenesis. In this endeavor, a key first step is the
identification of the unit of pathogenesis, which is a genotypically diverse population in the case
of V. crassostreae but, as detailed below, can also be a clone or consortium.

A Consortium as the Unit of Pathogenesis
Several lines of evidence suggest that the oyster juvenile disease is enhanced by microbial
interactions. First, experimental infections have demonstrated that some strains are moderately
8 Trends in Microbiology, Month Year, Vol. xx, No. yy
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virulent when injected into animals individually, and that they display heightened virulence in
mixed experimental infections [49]. Second, investigation of population dynamics during oyster
infection have shown that naturally infected oysters initially contain a large proportion of diverse
nonvirulent strains, but that these are progressively replaced by a virulent population, rising to
�50% of the bacterial isolates at the point of maximal cumulative mortalities (Figure 3A) [21]. To
address the role of nonvirulent strains in the infection process, a virulent strain (V. crassostreae
J2-9) was injected into oysters at various doses, either alone or in combination with nonvirulent
strains (Vibrio sp. or Shewanella sp.) (Figure 3B). When injected alone, reduction of the injected
dose of the virulent strain by dilution in the culture media significantly reduced oyster mortality. In
contrast, when the virulent strain was injected at low dose with high doses of nonvirulent strains,
mortality rates were markedly increased. Thus, the presence of nonvirulent bacteria may
dramatically increases the virulence of V. crassostreae at the onset of infection, suggesting
that there are effects of bacterial density upon virulence, irrespective of the genotype of the
coinfecting strain. Hence, although nonvirulent strains are not sufficient for pathogenesis, they
clearly contribute to virulence. One possibility is that nonvirulent strains generate sufficiently high
bacterial loads to either overcome host defenses or to induce expression of virulence factors via
quorum sensing [50].

Further exploration of the dynamics of infection in individual oysters may show whether
sequential or simultaneous infections by diverse Vibrio populations assemble randomly or by
cooperative interactions. A nonrandom association could mean that each population has a
distinct functional role in the pathogenesis, such as the production of a siderophore, exopro-
tease, antimicrobial molecules, or quorum sensing autoinducer.

Clones as the Functional Unit of Pathogenesis
A dramatic increase in oyster mortalities at the adult stage has recently been associated with the
presence of V. aestuarianus (Box 1). Although preliminary, recent phylogenomic analysis has
suggested that the functional units of V. aestuarianus pathogenesis are clones [46]. Strains
isolated from diseased oysters cluster into two nearly identical clonal lineages, whereas strains
isolated from healthy oysters, cockles, or zooplankton were found to bemore diverse (Figure 4B,
C). Themajority of strains within each of the two clonal lineages are virulent, suggesting that a few
strains have recently lost their pathogenicity. Consistent with this notion, a single nucleotide
deletion was linked to nonvirulence in one strain. This mutation induces a frame shift in the varS
gene that codes for the transduction histidine-protein kinase of the sensory system VarS/VarA
[51]. The varS gene was intact in the other strains, and genetic analyses confirmed that it is
necessary for infection of oysters and for expression of a secreted metalloprotease [46].

The pathogenic clonal lineages of V. aestuarianus appear phylogenetically distinct from their
closest conspecifics, suggesting that a recent clonal sweep or speciation event has differenti-
ated them from their parental population (Figure 4B,C) [46]. However, the population structure
remains poorly resolved, since sampling has to date been highly biased towards moribund
animals. In fact, knowledge of the ecology of these bacteria is sparse and stems largely from
laboratory experiments using single strains in experimental microcosms [52] or surveys covering
large spatio-temporal scales with limited taxonomic resolution [53]. If indeed these pathogens
adhere to the more classical view that clones are the units of pathogenesis it will be very
interesting to compare their ecological and evolutionary dynamics to V. crassostreae, which
displays genotypically diverse infections (Box 2).

Incorporating Higher Order Interactions
No matter if the unit of infection is a clone (e.g., V. aestuarianus [46]), a population (e.g.,
V. crassostreae [21], or a consortium [49], biotic interactions with other host-associated
microbes adds another level of complexity. For example, specific states of host microbiomes
Trends in Microbiology, Month Year, Vol. xx, No. yy 9
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may be more resistant to invasion by pathogens. Yet microbiomes may be altered by infecting
populations and may also respond to evolutionary changes at the level of host genotypes as a
result of selection exerted by pathogen infections. Hence, an eco-evolutionary process may
ensue that needs to be explored in order to fully understand disease dynamics in the wild.

Interaction with the Microbiome
In many microbial systems, the relevant unit for many functions is neither a clone nor population
but consortia living in close symbiotic association [54,55]. These microbiota fulfill a range of
different functions, with defense against pathogens being among the most prominent in humans
[56,57] and corals [58], but also oysters [59]. Microbial assemblages can vary substantially
between oyster tissues [60]. Microbiota in gills have been found to be stable across steep
environmental gradients [61], and gill microbial community composition also correlated with
oyster genotype [62], suggesting coevolutionary relationships between host and microbiota but
not necessarily with Vibrio populations. These genotype-specific assemblies of microbiota were,
however, vulnerable to environmental disturbance [62], indicating that abiotic stress can desta-
bilize microbiome assemblies. Abiotic environmental factors also strongly influence the dynam-
ics of hemolymphmicrobiota by determining turnover rates as well as inter-individual differences.
Importantly, oysters that are associated with more stable communities are more resistant to
invasion by pathogens [63].

Oyster hemolymph also shows the highest Vibrio load in comparison to other tissues, but
mortalities under field conditions were observed only when the Vibrio load was also high in other
tissues [42], suggesting that the spillover of virulent Vibrio populations from the hemolymph to
solid tissues causes systemic disease. Interestingly, in [23_TD$DIFF]hemolymph of experimentally infected
moribund animals, bacterial communities disturbed by Vibrio infection were not dominated by
the Vibrio strain used for infection, but by unrelated secondary opportunists (e.g., Arcobacter)
that profited from the initial community disturbance induced by the infection [63]. This stresses
the right timing and tissue choice for sampling since moribund animals may be dominated by
such secondary opportunists, masking the causative shifts in Vibrio and other microbial
populations during the onset of disease. It further highlights the importance of the hemolymph
as the key body compartment for the interaction among Vibrio populations, the host, and other
components of the microbiome. The degree to which different tissues are connected to the
environment in conjunction with tissue specificity of microbiota [42] suggests different coloniza-
tion barriers that should be considered in the complex turnover dynamics of Vibrio populations
against the background of disease.

Evolutionary Responses of the Host
Any attempt to understand the emergence of disease needs to consider the prior adaptations
and environment-dependent physiological responses of the host. Whenever disease is a strong
regulator of host populations, selection for host resistance will also be strong [64,65]. In species
with type III survivorship curves with high reproductive output and high mortalities in early life
stages, like the Pacific oyster, selection will be particularly efficient at the dispersing larval stage
[65,66] whereas the adaptive potential in adults might be more limited.

In larvae, cross-infection experiments exposing oyster hosts from genetically differentiated
natural oyster stocks [67] to sympatric and allopatric vibrios showed lower mortality in sympatric
combinations [68]. Resistance against infection by local strains demonstrates that hosts have
the adaptive potential to rapidly respond to selection exerted by disease. This effect was
observed across 76 sympatric and allopatric Vibrio strains representing several clades of the
Vibrio phylogeny. The widespread occurrence of local host resistance against otherwise
distantly related strains indicates the presence of common targets for host adaptation in all
strains. Rather than by common descent, the genetic basis of these targeted traits in the Vibrio
10 Trends in Microbiology, Month Year, Vol. xx, No. yy
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Outstanding Questions
Do oysters mirror seawater in terms
of Vibrio population structure (neutral
assembly), and how does population
structure change during pathogenic-
ity events (colonization by specific
genotypes)?

What are the environmental reservoirs
of putative pathogens, and how do
their dynamics influence disease?

To what extent is cooperation within
and between bacterial populations
important in enhancing disease?

How do Vibrio populations interact with
host-associated microbiota in different
stages of the infection process?

Do pathogenic Vibrio spp. select for
resistance in the host?
strains can be explained by either local sharing of genetic elements within Vibrio populations or
parallel evolution as a response to similar selection pressures [68]. The selective pressures
leading to these geographic, rather than phylogenetic, matches remain unknown, but it seems
likely that they result from adaptations to living associated with oyster hosts, making the genes
responding to selection a suitable target for the evolution of host resistance.

On the host side, resistance against sympatric strains displayed dominant inheritance in crosses
between both oyster stocks, suggesting a comparatively simple genetic architecture of resis-
tance. Due to the genomic resources available for oysters (Box 2), the identification of the
underlying molecular mechanisms becomes a tractable goal that will help us to understand the
selective landscapes shaping the interactions between oyster hosts and their colonizing Vibrio
populations. A similar response of natural host resistance was not yet observed at sites with
recurrent Vibrio-associated disease in juveniles. This might suggest a lower evolutionary poten-
tial due to lower genetic diversity of farmed animals [69] in combination with divergent selection
pressures exerted by diverse sets of virulence genes in virulent Vibrio populations. Additionally,
high densities and repeated transport of farmed oysters can result in larger reservoirs of virulent
vibrios with more efficient transmission dynamics leading to rapid, synchronized shifts towards
virulent Vibrio populations. Such population shifts may further prevent an efficient evolutionary
response [22_TD$DIFF]of the hosts. Production of SPF oysters from disease-free stocks and diseased stocks
can be used to link natural exposure in field experiments to experimental infections using the
corresponding contrasting Vibrio populations [7]. The evolutionary dynamics of hosts and Vibrio
populations observed in such studies can then serve to investigate the different modes of
disease emergence on all levels of interactions between hosts and the biotic environment (vibrios
and microbiota).

Concluding Remarks
As we have outlined in this review, the interaction between oysters and vibrios is an emerging
model system to address new and original scientific questions concerning the dynamics of
infectious diseases in the wild and its feedback on ecology and evolution of host–pathogen
interactions. Ecological populations often represent the functional unit of pathogenesis, which
does not preclude that there can be cases where the causal agent is a single clone. In either
case, disease cannot be understood in isolation from the host and its biotic and abiotic
environment. Holistic approaches taking the complexity of all levels of these interactions into
account are needed in the future (see Outstanding Questions) to deepen our understanding of
disease processes and provide tools for an efficient management of disease in the wild.
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