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Abstract :

Bivalve aquaculture is seriously affected by many bacterial pathogens that cause high losses in
hatcheries as well as in natural beds. A number of Vibrio species, but also members of the genera
Nocardia and Roseovarius, are considered important pathogens in aquaculture. The present work
provides an updated overview of main diseases and implicated bacterial species affecting bivalves. This
review focuses on aetiological agents, their diversity and virulence factors, the diagnostic methods
available as well as information on the dynamics of the host-parasite relationship.

Graphical abstract :



http://dx.doi.org/10.1016/j.jip.2015.07.010
http://archimer.ifremer.fr/doc/00274/38532/
http://archimer.ifremer.fr/
mailto:marie.agnes.travers@ifremer.fr

Highlights

» Focus on bacterial diseases affecting fisheries and aquaculture. » Significant bacterial genera
covered include Vibrio, Nocardia and Roseovarius. »Host range, pathology, and available diagnostic
methods for each disease are given. P Classification of marine Vibrio spp. implicated in diseases
remains difficult. » Current emphasis on understanding virulence factors, disease onset and distribution.
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1. Introduction

Bacteria play important roles in the marine environment such as nutrient cycling, prey
for other species, and influencing host health when in symbiotic relationships (Zilber-
Rosenberg and Rosenberg, 2008). Parasitic or pathogenic relationships can govern population
dynamics in both wild and farmed populations (Verschuere et al., 2000; Beaz-Hidalgo et al.,
2010a; De Schryver and Vadstein, 2014). Bacterial pathogens have impacted marine molluscs
for many years and a number of bacterial diseases have recently emerged or re-emerged. For
example, Vibrio coralliilyticus (initially misidentified as V. tubiashii) re-emerged in northeast
Pacific oyster hatcheries in 2005 where the bacterium caused catastrophic losses to Pacific
oyster larvae (Elston et al., 2008). Roseovarius crassostreae, the causative agent of
Roseovarius oyster disease (previously known as juvenile oyster disease), became the first
identified pathogen in the abundant marine Roseobacter clade (Boettcher et al., 2005). Some
pathogens, such as Nocardia crassostreae, expanded their known geographic range (into
Europe; (Engelsma et al., 2008)) or jumped to-a new host (e.g. N. crassostreae infections in

Mytilus edulis; (Carella et al., 2013)).

Repeated episodes of mortality induced by pathogens constitute one of the main
impediments to the culture of marine molluscs. Infectious diseases impact production and can
cause high economic losses. Some taxa have been shown to affect all life stages of their hosts,
including some of the most prolific pathogens in the genus Vibrio. These bacteria infect
larval, juvenile and adult molluscs including oysters, mussels, abalones, clams, and scallops
(Paillard et al., 2004; Beaz-Hidalgo et al., 2010a)). Other bacteria, such as the rickettsia that
causes withering syndrome in abalone, are known to be pathogenic for specific hosts but are
not associated with catastrophic losses (Friedman et al., 2002a; Friedman and Crosson, 2012;
Crosson et al., 2014). The aim of this review is to provide an overview of bacterial taxa that
infect marine bivalves, with a focus on groups that are considered most problematic. We
provide a summary of aetiological agents, their diversity and virulence factors, diagnostic

methods, host-parasite relationships, and future research needs.

In this review we define pathogenic organisms as those that can cause disease when
they have successfully colonized a host. Bacterial taxa may contain species or strains within a
species that vary from avirulent to virulent. Here we define virulence as a combination of
infectivity (the ability to infect) and pathogenicity (the ability to cause disease and mortality

in the host upon infection). Virulence results from the cooperation and sequential action of



microbial components that can damage a susceptible host, and host responses, which together
govern the host—microbe interaction (Casadevall and Pirofski, 2009). The dynamics of this
interaction determine the outcome of the infection, including the severity of disease and level
of mortality, which can be quantified to determine the level of virulence of a given taxon. It is
important to recognize that virulence is not an independent microbial property and cannot be

defined independently of a host (Casadevall and Pirofski, 2009).

2. Vibriosis

Bacteria within the genus Vibrio (Pacini 1854) are highly abundant in marine waters
and have free-living and symbiotic, including pathogenic, life strategies (Thompson et al.,
2004). Vibrio spp. are rod-shaped, gamma-proteobacteria and include many species that are
pathogenic to both terrestrial and marine vertebrates and invertebrates (Paillard et al., 2004;
Thompson et al., 2004). A total of 118 species are recognized in this genus, wherein
classification and accurate identification are still problematic (Gevers et al., 2005; Hoffmann
et al., 2012; Richards et al., 2014a). Bacteria belonging to the Splendidus clade, Harveyi clade
or to the species V. aestuarianus, V. tubiashii, V. coralliilyticus, and V. tapetis are commonly
reported in association with hatchery or field bivalve mortality events. Unfortunately, these
bacteria are often misidentified at the species and/or strain level, and thereby cause confusion

regarding specific host-pathogen dynamics.

2.1. Vibrio splendidus-related:

Etiological agent — Initial description. Bacteria belonging to Splendidus clade have

been repeatedly described in relation to mortality events (Nicolas et al., 1996; Sugumar et al.,
1998; Lambert et al., 1999; Lacoste et al., 2001; Waechter et al., 2002; Gay et al., 2004b;
Kesarcodi-Watson et al., 2009a; Beaz-Hidalgo et al., 2010b; Saulnier et al., 2010).
Epidemiological studies of Vibrio splendidus-related strains associated with mollusc mortality
outbreaks have demonstrated the importance of, and the high genetic diversity within, this
polyphyletic group (Le Roux et al., 2002; Le Roux et al., 2004)). Such diversity has led to
difficulties when classifying organisms within this particular clade (Figure 1), and many

authors have grouped closely related bivalve pathogens as either V. splendidus (Nicolas et al.,
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1996; Lacoste et al., 2001; Kesarcodi-Watson et al., 2009a), V. splendidus biovar 11 (Sugumar
et al., 1998; Waechter et al., 2002; Gomez-Leon et al., 2005) or V. splendidus-related
(Lambert et al., 1999; Gay et al., 2003; Saulnier et al., 2010) strains. Whether or not these
bacteria represent a single species or multiple taxa is difficult to confirm with currently

available diagnostic tools.

Etiological agent — Diversity. As mentioned above, classification within the

Splendidus clade is constantly changing and species discrimination may be difficult among
the 16 described member species: V. artaborum (Dieguez et al., 2011), V. atlanticus (Dieguez
et al., 2011), V. celticus (Beaz-Hidalgo et al., 2010b), V. chagasii (Thompson et al., 2003c), V.
crassostreae (Faury et al., 2004), V. cyclitrophicus, V. fortis (Thompson et al., 2003b), V.
gallaecicus (Beaz-Hidalgo et al., 2009), V. gigantis (Le Roux et al., 2005), V. hemicentroti
(Kim et al., 2013), V. kanaloae (Thompson et al., 2003¢), V. lentus (Macian et al., 2001), V.
pelagius (Macian et al., 2000), V. pomeroyi (Thompson et al., 2003c), V. splendidus (Reichalt
et al., 1976), V. toranzoniae (Lasa et al., 2013), V. tasmaniensis (Thompson et al., 2003d).
Groups of strains, belonging to the following species can be pathogenic to molluscs: V.
celticus, V. crassostreae, V. cyclitrophicus, V. tasmaniensis and V. splendidus (Guisande et
al., 2004; Prado et al., 2005; Saulnier et al., 2010; Vanhove et al., 2014). However, non-

virulent strains of these species can also be found.

Given the difficulty of identifying bacteria within the Splendidus clade, another and,
possibly better, way to describe groups of strains implicated in mortality events may focus on
a description of ecological populations, or communities (based on Asp60 sequences or
concatenated sequences of 16S rRNA, gyrB and pyrH, but also on shared properties such as
season of isolation, ecological habitat, virulence... (Hunt et al., 2008; Wendling et al., 2014).
Recent work on a field-based disease study confirmed that a cluster of microdiverse Vibrio
genotypes belonging to an ecologically cohesive population may drive oyster mortalities
(Lemire et al., 2014). High-throughput experimental infection with a large collection of Vibrio
collected after a field outbreak revealed that the majority of virulent strains (75%) clustered
into a subclass of an ecological population containing the V. crassostreae type strain (Lemire
et al., 2014). Vibrio crassostreae was first isolated from diseased C. gigas (Faury et al.,
2004), and the type strain LGP7T, as well as many other strains isolated from oysters, were

demonstrated to be pathogenic for oysters (Gay et al., 2004a; Lemire et al., 2014).



Many studies to determine disease causality are based on the assumption that the
aetiologic agent is unique and present in moribund animals at high concentrations. However,
it is now known that members of the Splendidus clade can cooperate in polymicrobial
infections (Gay et al., 2004a; Gay et al., 2004b; Lemire et al., 2014). For example,
interactions between virulent and avirulent strains (i.e. that do not induce any mortality, even
when injected at 10° bacteria/animal) can facilitate the disease induced by V. crassostreae
(Lemire et al., 2014) or V. tasmaniensis (Gay et al., 2004b). In experiments using V.
crassostreae J2-9 strain, injections of 10° bacteria/animal or 4 x 10* bacteria/animal induced
90% and 0% mortality, respectively, whereas injection of 4 x 10* bacteria/animal in

combination with the avirulent strain J2-20 induced 70% mortality (Lemire et al., 2014).

Host - Bacteria belonging to Splendidus clade have been isolated in association with
mortalities of the Pacific oyster in Japan (Sugumar et al.; 1998) and in France (Lacoste et al.,
2001; Waechter et al., 2002; Gay et al., 2004b; Saulnier et al., 2010), the European flat oyster,
Ostrea edulis, in France (Thompson et al., 2003a), the Green shell mussel, Perna canaliculus,
in New Zealand (Greenshell™ mussel (GSM) (Kesarcodi-Watson et al., 2009a)), the great
Atlantic scallop Pecten maximus, in France (Nicolas et al., 1996; Lambert et al., 1999), and
the carpeted shell clam Venerupis decussatus in Spain (Gomez-Leon et al., 2005).
Experimental infection also demonstrated that some V. tasmaniensis strains can induce

mortality in Venerupis rhomboides (Lago et al., 2009).

Pathology — Lesions, infection kinetics and interaction with host cells are often poorly
understood due to the diversity of bacteria belonging to the Splendidus clade and to the
number of hosts and age classes they can infect. In addition, problems in differentiating
among bacterial species can confound our understanding of the pathogenesis of vibriosis. For
instance, the bacterium Vibrio kanaloae was isolated and characterized from O. edulis in
France (Thompson et al., 2003a). Subsequently, virulence and pathological changes
associated with injection of related strains were described in C. gigas (Gay et al., 2004b).
Bacteria were found at the periphery of the adductor muscle and induced extensive lesions of
the translucent portion of this tissue (Table 1). Unfortunately, no clear affiliation to V.
kanaloae and V. pomeroyi species was possible despite the use of DNA-DNA hybridisation
(Gay et al., 2004a).

A number of lesions were observed in diseased larvae and spat clams (V. decussatus)

during a mortality episode in which Vibrio splendidus biovar Il and V. alginolyticus were



isolated as predominant organisms (Gomez-Leon et al., 2005). Microscopic examination
revealed the presence of bacilli in the velum and advanced infection with necrosis in larvae.
Infected clams had pale digestive glands, likely due to a decrease in feeding activity upon
infection. Bacteria were also detected along the mantle folds of experimentally infected spat.
Disorganization of muscles fibers and a strong hemocytic infiltration, especially in the
connective tissue, were also observed (Gomez-Leon et al., 2005) (Table 1). Velar infections
were also observed in larval scallops, P. maximus, during a mortality episode when larvae
were infected with Vibrio splendidus-related strains. Early signs of larval disease included
velar damage with necrosis and detachment of velar cells (Table 1). Experimental infection
using two of the Vibrio splendidus-related strains isolated during the larval scallop outbreak,
confirmed their role as etiological agents. The observed larval disease was reproduced and

mortalities were recorded between days 3 to 5 (Nicolas et-al., 1996).

Virulence factors - In contrast to V. splendidus, the pathogenesis of Vibrio

tasmaniensis is more defined. Virulence factors of V. tasmaniensis LGP32 have been
described in-depth, including their role in vibriosis. V. tasmaniensis LGP32 was localized at
the periphery of the adductor muscle after experimental infection and, like V. kanaloae
(described above), induced extensive lesions within the translucent part of the muscle, without
any associated infiltration (Gay et al., 2004b). The bacterial OmpU porin was shown to be a
major effector of the interactions between V. tasmaniensis LGP32 and C. gigas (Duperthuy et
al., 2010; Duperthuy et al., 2011). Specifically, OmpU was implicated in the virulence of the
bacterium and its resistance to antimicrobials. By interacting with a B-integrin and an
extracellular superoxide dismutase (SOD) acting as an opsonin, OmpU favors bacterial
internalization into hemocytes where it can survive and avoid host responses. As observed in
other vibrios, V. tasmaniensis can secrete toxic factors, such as the metalloprotease Vsm, into
extracellular spaces (ECPs) (Le Roux et al., 2007; Binesse et al., 2008). The bacterium can
also release outer membrane vesicles (OMVs), rich in hydrolases, both in the extracellular
milieu and inside hemocytes. One of these hydrolases, the vesicular serine protease was found
to be specifically secreted through OMVs, and to contribute to the virulence of LGP32 in
experimental infections in oysters (Vanhove et al., 2014). Finally, a putative outer membrane
protein, R5-7 (which has no known functional domain) is present in virulent strains of V.
crassostreae and was identified as a major factor responsible for its virulence (Lemire et al.,

2014).



Diagnosis/Detection — Bacteria belonging to the Splendidus clade can grow on Marine
Agar or in Marine Broth at 20-22°C after 24-48 hours. Thiocitrate bile salts medium (TCBS)
or ChromAgar media can also be used for isolation (Figure 1), but due to the diversity of this
group, molecular markers are needed for further identification. A qualitative gPCR method
allows for the identification of bacterial isolates ascribed to the Splendidus clade (Ifremer,
2013), and some specific species tools for V. tasmaniensis, V. splendidus and V. neptunius are
available (Lago et al., 2009) with a sensitivity limit corresponding to 2.4 x 10*t02.8 x 10"
cfu/g of tissue (Table 2). Most frequently, gene sequencing (16S rRNA, gyrB, hsp60, pyrH,
etc.) and multilocus sequence analyses (MLSA) (Thompson et al., 2005) are used for isolate
discrimination. However, as many species of this clade also contain non-virulent strains,

diagnostic tools based on virulence factors are urgently needed.

Future research — Vibrio splendidus-related strains are widely distributed in marine

ecosystems (Farto et al., 1999) and are commonly detected even in the absence of disease
(Tall et al., 2013). Pertinent diagnostic tools based on the identification of virulence factors
and of ecologically coherent virulent groups of strains (i.e. “risky” populations of bacteria)

(Lemire et al., 2014) are still needed.

2.2. V. aestuarianus

Etiological agent — Initial description. Vibrio aestuarianus was initially isolated from

seawater, crab and sediment in 1983 in the USA (Tison and Seidler, 1983). Since its first
characterization, two different sub-species have been described: V. aestuarianus subsp

aestuarianus and V. aestuarianus subsp francensis (Garnier et al., 2008).

Etiological agent — Diversity. Despite the weak diversity within this species, recent

genome studies of different V. aestuarianus strains revealed the existence of two distinct
lineages with very low intra-clade and inter-clade diversity. These two lineages contain the
majority of strains that are virulent for oysters. It is important to note that this study was based
on strains mainly isolated during oyster mortality events and only a few environmental strains
were analyzed. Perhaps not surprisingly, environmental strains revealed higher genetic
diversity than pathogenic isolates (Goudenege et al., 2015). In challenge experiments, Vibrio

aestuarianus subsp francensis induced mortality in Pacific oysters (Garnier et al., 2007;



Garnier et al., 2008; Saulnier et al., 2010; Goudenege et al., 2015). The degree of virulence
was variable in these trials: some strains induced high mortality rates (>50% mortality)
whereas other strains exhibited low virulence or seemed avirulent (<15% mortality) (Garnier
et al., 2008; Goudenege et al., 2015). Recently, Goudenége et al. (2015) suggested using the
results obtained by challenge with various doses to define three categories: highly virulent
strains (>50% mortality at 10> CFU/animal), non-virulent strains (<50% mortality at 10’
CFU/animal) and intermediate strains (strains pathogenic only at 10’ CFU/animal), thus

revealing phenotypic diversity within closed genotypes.

Host - Vibrio aestuarianus has been isolated from different marine species (Tison and
Seidler, 1983). As detailed above, some strains have demonstrated virulence for the Pacific
oyster (Garnier et al., 2007; Samain and McCombie, 2008). However, V. aestuarianus is
moderately pathogenic for mussels Mytilus edulis in experimental challenges (Romero et al.,

2014).

Pathology - Few data exist that describe the pathogenesis and histopathology of
disease caused by V. aestuarianus in Pacific oysters (Table 1). V. aestuarianus can infect all
ages of oysters and mortality reports associated with this bacterium have been observed in all
oyster life stages (Garnier et al., 2007; Saulnier et al., 2010). However, juvenile and adult
oysters seem to be more susceptible to the bacterium than are spat (i.e. young juvenile
oysters). In experimental challenges, spat mortality resulted during cohabitation with infected
oysters but the mortality rate was two times less for spat than for the other life stages

(Dégremont et al., 2014).

Virulence factors - The virulence mechanisms of V. aestuarianus are not well

characterized but several putative factors have been identified. The ECPs of a V. aestuarianus
strain alter immune abilities of oysters by inducing a decrease of adhesion and phagocytosis
capabilities of hemocytes and a deregulation of oxidative metabolism (Labreuche et al.,
2006b). Infection with this strain also induced an inefficient reaction of the host cellular
immune defenses (Labreuche et al., 2006a). One component of these ECPs was identified as a
zinc-dependent metalloprotease called Vam (for V. aestuarianus metalloprotease), which was
demonstrated to impair oyster hemocyte functions (Labreuche et al., 2010). Extracellular
proteases are frequently described in Vibrio species (Nottage and Birkbeck, 1987; Lee et al.,
1999; Lee et al., 2002) and probably play an important role in disease progression (Travis et

al., 1995). Indeed, a relationship between the virulence of V. aestuarianus strains and their



ability to produce metalloprotease-like proteins has been established (Saulnier et al., 2010).
However, this metalloprotease gene is also present in avirulent strains, suggesting that
although these strains possess the gene, it was not expressed under experimental conditions
(Azandegbe et al., 2010). The expression of the Vam metalloprotease is regulated in part by
growth stage dependent quorum sensing mechanisms (De Decker et al., 2013).
Metalloprotease expression seems to be also regulated by varsS, a gene coding for a signal
transduction histidine protein kinase (Goudenége et al. 2015) similar to that demonstrated to

control the expression of virulence genes in V. cholera (Jang et al., 2011).

Diagnosis/Detection - Vibrio aestuarianus is a cultivable halophilic bacterium, which

grows well on Marine Agar or in Marine Broth at 20-22°C after 48 hours (Tison and Seidler,
1983; Garnier et al., 2008) (Figure 2A). Even if colonies on ChromAgar present a distinctive
turquoise blue color (Figure 2B), biochemical tests are not sufficient to identify this species
and molecular tests are necessary to confirm the diagnosis. A real time, quantitative PCR
(qPCR) assay based on the dnaJ gene allows detection of Vibrio aestuarianus cells in pure
culture, in seawater, and in oyster tissues (Saulnier et al., 2009). This tool was shown to detect

all currently known strains of V. aestuarianus (as little as 1.6 x 10* cells mI™") but could not

differentiate between Vibrio aestuarianus subspecies (Table 2). Validation of this assay is

currently underway.

Future research - Future research on genetic selection of oysters based on V.

aestuarianus resistance and host immune response to this agent are now needed. Moreover,
environmental factors influencing the distribution, abundance and infectivity of this bacterium

is still unknown.

2.3. V. tubiashii

Etiological agent — Initial description. Bacillary necrosis was originally described on

the east coast of America in diseased hard-shell clams (Tubiash et al., 1965; Tubiash et al.,
1970), and in England and Spain in Pacific and flat oysters farms (Jeffries, 1982; Lodeiros et
al., 1987). The etiological agent, V. tubiashii was isolated by Tubiash in 1965 (Tubiash et al.,
1965). Due to its close taxonomic relationship with other Vibrio species such as V.

coralliilyticus, V. tubiashii taxonomy has changed over time and led to misclassification of
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some strains. For instance, the ATCC19105 strain, first described by Tubiash et al. (1970) as
V. anguillarum, was classified by Hada et al. (1984) as V. tubiashii, and recently reclassified
as V. coralliilyticus as strains LMG 1095, RE 22 and RE 98, initially described as V. tubiashii
and reclassified as V. coralliilyticus (Wilson et al., 2013; Richards et al., 2014a). However,
this reclassification of some V. tubiashii (=V. coralliilyticus) strains does not change the fact
that this bacterium is considered to be one of the potential pathogen of bivalves usually
associated with major mortality events in shellfish hatcheries. In this section, we will refer to
publications of V. tubiashii strains. Reclassified strains will be discussed in the V.

coralliilyticus section.

It has been proposed that this bacterium re-emerged in North of America over the past
decade (Estes et al., 2004; Elston et al., 2008) where it expanded its range to Pacific and
Kumamoto oysters and geoduck clams (Elston et al., 2008). Despite the need for confirmation
of the taxonomic identity of all isolates (some of the isolates were reclassified as V.
coralliilyticus), the recent observation of this bacterium in association with upwelling events
should provide insight into the physiologyof V. tubiashii and/or V. coralliilyticus. V. tubiashii
was recently described in France in diseased Pacific oysters and abalone (Travers et al.,

2014).

Host - Isolates of V. tubiashii can infect larval and juvenile oysters (C. gigas, C.
virginica, O. edulis) clams Mercenaria mercenaria (Guillard, 1959; Tubiash et al., 1965;
Jeffries, 1982; Lodeiros et al., 1987), and juveniles of the mussel M. edulis (Asplund et al.,
2014) and the gastropod Haliotis tuberculata (Travers et al., 2014). However, Koch’s
postulates were only demonstrated for some isolates that appeared virulent to larval and
juvenile Pacific oysters in experimental challenges (Jeffries, 1982; Travers et al., 2014), and

M. mercenaria larvae (Guillard, 1959).

Pathology - This disease is clinically characterized by a reduction in larval motility

and an increase in soft-tissue necrosis (1970) (Figure 3, Table 1). During investigations on

American V. tubiashii, Nottage et al. (1987) were the first to describe different proteases
produced by five V. tubiashii strains. Subsequently, Kothary et al. (2001) showed that V-
tubiashii could produce a toxin with cytotoxic and cytolytic properties. And recently, Mersni
et al. (2014) demonstrated that the extracellular products of 07/118 T2, a representative strain
of the group, inhibited the adhesion capacity and phagocytosis activity of C. gigas hemocytes.
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Virulence factors - Using larvae of C. gigas as an interaction model, V. tubiashii was

shown to be virulent to larvae and to cause signs consistent with bacillary necrosis with a
LDs, about 2.3 x 10> CFU ml! after 24 h. Moreover, different fractions of the extracellular
products secreted by this strain appeared toxic to larvae, suggesting that the pathological
changes caused by the French V. tubiashii in C. gigas oysters is caused, in part, by a group of
toxic factors (Mersni Achour et al., 2015). Considering the potential impact of this bacterium,
draft genomes (Temperton et al., 2011) and a complete genome (Richards et al.; 2014b) were
recently sequenced and will enhance the exploration of potential virulence factors. The
importance of cytolysin, outer membrane proteins and secreted metalloproteases has already
been described for different V. tubiashii strains and constitute a bacterial virulence repertoire
(Kothary et al., 2001; Delston et al., 2003; Beaubrun et al., 2008; Hasegawa et al., 2008;
Hasegawa et al., 2009; Mersni Achour et al., 2014). As in-many diseases, environmental
conditions can influence the interaction of V. tubiashii with its host. V. tubiashii growth and
virulence has been shown to be affected by temperature (Elston et al., 2008), nutrients, and
particularly iron (Beaubrun et al., 2011). However, Asplund et al. (2014) also demonstrated
an alteration of the V. tubiashii — Mytilus edulis interaction following long term acidification
exposure, even though no obvious phenotypic changes in the host or bacterium (i.e. host
immune response nor pathogen virulence) were observed. Another study demonstrated that
although reduced seawater pH did not increase the virulence of this bacterium in larval Pacific
oysters, the growth rate and total bacterial abundance were higher when grown in acidified
marine waters - suggesting the potential for more common blooms of lethal levels of the
bacterium for larvae (Dorfmeier, 2012). This work nicely demonstrated that environmental

factors can influence interactions beyond host or pathogen individually.

Diagnosis/Detection — Both standard PCR (Sathyamoorthy et al., 2011) and qPCR

tools (Gharaibeh et al., 2009; Travers et al., 2014) have been developed. In addition, detection
with specific antibodies has been used (Gharaibeh et al., 2013) (Table 2). However, some of

these tools are indeed not specific to differentiate V. tubiashii and V. coralliilyticus

(Gharaibeh et al., 2009; Gharaibeh et al., 2013).

Future research — Even if the classification of many strains of V. tubiashii is not

disputed, clarification of the literature on V. tubiashii is needed — especially regarding the

geographical distribution and host specificity of this bacterium. Further, although several
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virulence factors have been described, their participation during pathogenesis, as well as the

impact of the environment on the interactions with oysters, merits further study.

2.4. V. coralliilyticus

Etiological agent — Initial description. Initially described in association with diseased

corals (Vezzulli et al., 2010), V. coralliilyticus was isolated from mortality episodes of
Greenshell mussels (Kesarcodi-Watson et al., 2009a) and oysters (Hada et al., 1984), and was
shown to be virulent to larval stages of those species (Kesarcodi-Watson et al., 2009b; Genard

et al., 2013).

Etiological agent — Diversity. A high level of genetic polymorphism was observed

comparing isolates from corals, bivalves and surrounding water. Two geographically distinct
highly diverged clusters were detected within the zinc-metalloprotease gene, but their

pathological signification is still unknown(Pollock et al., 2010b).

Host — Coral (Pachyseris speciosa, Pocillopora damicornis, Montipora
aequituberculata, Acropora cytherea, Pseudopterogorgia americana (Ben-Haim et al.,

2003a) and oyster larvae (Kesarcodi-Watson et al., 2008).

Pathology — Gross signs of diseased larvae are quite common and can be confused
with bacillary necrosis disease attributed to V. tubiashii. These include irregular movements,
detachment of cilia, aggregation of bacteria around the velum and deterioration of soft tissues

(Kesarcodi-Watson et al., 2009a) (Figure 3, Table 1). V. coralliilyticus exposure resulted in

reduced feeding activity of oyster larvae, fatty acid remodeling of polar lipids, activation of
defenses (antioxidant and immune defenses) (Genard et al., 2013) and larval bivalve mortality
(Kesarcodi-Watson et al., 2009a; Kesarcodi-Watson et al., 2009b; Genard et al., 2013; Mersni
Achour et al., 2015).

Virulence factors - Several virulence factors of V. coralliilyticus (some of which were

identified as V. tubiashii) oyster-pathogenic strains have been described. Delston et al. (2003)
demonstrated that V. coralliilyticus secretes a metalloprotease with high similarity with others

proteases produced by pathogenic marine Vibrios. The V. coralliilyticus metalloprotease is
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considered to be primarily responsible for the toxicity of the bacterium’s extracellular

products to Pacific oyster larvae (Hasegawa et al., 2008; Hasegawa et al., 2009).

V. coralliilyticus is described as a temperature-dependent pathogen (Ben-Haim et al.,
2003a; Ben-Haim et al., 2003b; Vezzulli et al., 2010; Kimes et al., 2012). Infection of the
coral Pocillopora damicornis occurred predominantly at high seawater temperatures (27-29°
C) (Ben-Haim et al., 2003a) and a single zinc-metalloprotease VcpA was identified as the key
toxin in this disease process (Ben-Haim et al., 2003b; Sussman et al., 2008; de O Santos et al.,
2011). Whole genome sequencing of the P1 strain, by de O Santos et al. (2011) shed light on
the diverse repertoire of virulence factors of this bacterium by identifying 17 putative
metalloproteases and a regulatory role of VcpA. Analysis of the impact of a vepA deletion on
proteins secreted by V. coralliilyticus P1 strain, indicates that VcpA zinc-metalloprotease
might play a regulatory role on protein expression/secretion (chitinase, hemolysin/cytolysin
VthA, aminopeptidases, hemolysin related protein RbmC, peptidases, Hcp protein). Many of
those virulence factors were shown to be directly controlled by temperature. Putative
virulence factors involved in motility, antibiotic resistance, hemolysis, cytotoxicity are up-
regulated in a 27°C-proteome as compared to a 24°C-proteome (Kimes et al., 2012). The
complexity of virulence associated factors in this bacterium suggests that infection depends
on the coordinated expression of several factors that act in concert to promote pathogenesis

(de O Santos et al., 2011; Kimes et al., 2012).

Bacterial virulence is also dependent on the bacterium’s environment, especially the

presence of metal ions that may regulate type III secreted proteins (Schirrmeister et al., 2013)

Diagnosis/Detection — A real-time PCR diagnostic tool that can detect as little as 1

CFU per ml in seawater is published (Pollock et al., 2010a), as is a method allowing detection
of virulent coral and molluscan pathogens, which targets a metalloprotease (one virulence
factor) (Wilson et al., 2013). Additionally, an antibody-based and a qPCR tool to target V.
tubiashii RE22, a strain reclassified as V. coralliilyticus, are also available, however their
specificity should certainly be confirmed (Gharaibeh et al., 2009; Gharaibeh et al., 2013)
(Table 2).

Future research — Comparison of isolates affecting bivalves and/or coral should help to

characterize common and specific virulence mechanisms that V. coralliilyticus could employ,

Further, research aimed at understanding the sequential and cooperative role of virulence
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factors such as metalloproteases and hemolysins (Hasegawa and Hase, 2009), should be

advanced.

2.5. V. Harveyi clade

Etiological agent - The Harveyi clade is also known as the Vibrio core group (Sawabe

et al., 2007). This clade includes the following species V. harveyi, V. campbellii, V.
rotiferianus, V. parahaemolyticus, V. alginolyticus, V. natriegens, and V. mytili (Sawabe et
al., 2007), which all share high phenotypic and genotypic homology (Cano-Gomez et al.,
2009). Additional species have been added to this clade: V. azureus, V. owensii, V. communis
and V. sagamiensis (Hoffmann et al., 2012). Members of this clade have been responsible for
mortality outbreaks worldwide involving both fish and shellfish (Thompson et al., 2004;
Saulnier et al., 2010; Ruwandeepika et al., 2012).

Host - Different bivalves can be affected by bacteria belonging to the Harveyi clade
including C. gigas (Saulnier et al., 2010), V. decussatus (Gomez-Leon et al., 2005), Pinctada
maxima (Pass et al., 1987 ) as well as the gastropods H. tuberculata (Nicolas et al., 2002) and
Haliotis disersicolor supertexta (Liu et al., 2000; Cai et al., 2006a; Cai et al., 2006b).

Pathology - Most of the species of the Harveyi clade have been reported to induce
vibriosis in molluscs. A study by Travers et al. (2008) reported on the pathogenesis of V.
harveyi in the gastropod H. tuberculata and described the steps of infection: 1) adhesion and
penetration; 2) incubation period without visible clinical signs, and 3) clinical expression of
disease with associated mortalities. First steps of infection (gills adhesion and hemocyte
alterations) were recently described and occurred in the first hours of contact (Cardinaud et

al., 2014; Cardinaud et al., 2015).

Gomez Leon et al. (2007) reported two episodes of mortality of cultured carpet shell
clams (Venerupis decussatus) associated with bacterial infections during 2001 and 2002 in a
commercial hatchery located in Spain. Vibrio alginolyticus was isolated from moribund clam
larvae that were obtained during the two separate events. However, in absence of
experimental reproduction of the disease, its aetiology is not yet completely clear. The larval
mortality rates for these events were 62 and 73%, respectively. Under histopathological

examination, clams showed a number of lesions including the presence of bacterial bacilli in

15



the velum and advanced infection with necrosis in the clam tissue. A pale color of the
digestive tract was observed in the affected larvae, probably caused by a decrease in feeding
activity. Bacilli were also detected along the mantle folds of experimentally infected spat.
Disorganization of muscles fibers and strong hemocytic infiltration, especially in the

connective tissue, were also observed (Table 1).

Virulence factors — Species of this clade produce several virulence factors reported

elsewhere (see Ruwandeepika et al., 2012). Briefly, these, which vary among taxa, can be
grouped in five types: (i) production of adhesion factors including adhesion to mucus,
presence of pili, and chitinase; (ii) production of a variety of extracellular polysaccharides and
biofilm formation derived from some of them, (iii) production of lytic proteins mainly
hemolysins and proteases, (iv) siderophores and iron acquisition, (e.g.) vibrioferrin, and (v)

Type III Secreting Systems, including TTSS1 and TTSS2.

Diagnosis/Detection - Many laboratories use phenotypic characterization for

identification of Vibrios, and specific biochemical tests can be used following well known
keys such as the one developed by Alsina and Blanch (1994) or using commercial kits such as
API 20E (Biomerieux). However V. harveyi and its sister species V. campbellii and V.
rotiferianus have nearly indistinguishable phenotypes, and misidentifications have occurred
(Gauger and Gomez-Chiarri, 2002; Gomez-Gil et al., 2004). To differentiate among species
within this clade, phenotypic characterization typically requires sequence analysis of the 16S
rRNA gene(Gomez-Leon et al., 2007). Use of molecular methods may combine higher
discriminatory power and higher reproducibility than phenotypic tests, but they cannot be
used as the sole diagnostic tools to confirm identity of pathogens from tissues (Burreson,
2008). In addition, for V. harveyi-related species, highly similar genomes and genome
plasticity may also limit precise identification by molecular techniques in some cases

(Thompson and Swings, 2006; Sawabe et al., 2007).

Discrimination among V. harveyi strains has been accomplished using the following
molecular methods: DNA-DNA hybridization (DDH); amplified fragment length
polymorphism (AFLP), repetitive extragenic palindromic elements PCR (REP-PCR) (Gomez-
Gil et al., 2004), random amplified polymorphic DNA (RAPD) (Pujalte et al., 2003;
Hernandez and Olmos, 2004), ribotyping or ribosomal restriction fragment length
polymorphism (RFLP) (Pujalte et al., 2003), amplified ribosomal DNA restriction analysis
(ARDRA) (Kita-Tsukamoto et al., 2006), multilocus sequence analysis (MLSA) (Thompson
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et al., 2005; Thompson et al., 2007; Cano-Gomez et al., 2011), loop-mediated isothermal
amplification (LAMP) (Cao et al., 2010), and TagMan PCR to detect potentially virulent
strains for H. tuberculata (Schikorski et al., 2014) (Table 2).

Future research: There is a need to clarify the role of a number of virulence factors in

the disease process.

2.6. V. tapetis

Etiological agent — initial description. V. fapetis causes BRD (Brown Ring Disease) in

the economically-important clam Venerupis (=Ruditapes) philippinarum. The first clam
mortalities were reported in 1987 (Paillard and Maes, 1990; Flassch et al., 1992) in Brittany,
and later on the South Atlantic French coast (1988-89), Italy (1990), Spain (1993), UK
(1997-98), Tunisia (2000) and Norway (2003)(Paillard et al., 2004; Paillard et al., 2008).
This disease is also found in South Korea (2003) and Japan (2004) (Park et al., 2008). The
etiological agent associated with BRD; initially named Vibrio VP1, was later described as the
novel species V. tapetis (Paillard et al., 1994; Borrego et al., 1996) and Koch’s Postulates
were satisfied (Paillard and Maes, 1990).

Etiological agent — diversity. Recently, two subspecies were described depending on

the origin of the strains: V. tapetis subsp. tapetis and V. tapetis subsp. britannicus. The two
subspecies are easily distinguishable by their capacity to produce acid from mannitol and
arabinose and for their metabolization of citrate (Balboa and Romalde, 2013). Many strains
have been isolated from molluscs and fish since the initial description of this disease (Castro
et al., 1992; Maes and Paillard, 1992 ; Jensen et al., 2003; Reid et al., 2003; Matsuyama et al.,
2010; Lopez et al., 2011). Interestingly the highest virulence recorded is still attributed to the
first strain, CECT4600, isolated in Landéda in 1990 (Choquet et al., 2003) and contains a
large conjugative plasmid pVT1 (Erauso et al., 2011). V. tapetis is highly polymorphic and

displays a non-clonal population structure (Balboa et al., 2014).

Host - Different hosts can be infected by V. tapetis. Both V. philippinarum and V.
decussatus the native European clam can become infected. However, while the former species
is susceptible, V. decussatus is highly resistant to BRD. The difference in resistance between

these Venerupis species has been attributed to varying numbers of granular hemocytes and

17



their phagocytic activity (Allam et al., 2006). Natural V. philippinarum clams populations
from Galicia or Ireland also demonstrated differences in sensitivity to BRD (Drummond et al.,
2007). Galician clams experienced significantly higher mortalities, BRD prevalence and V.
tapetis levels than did Irish clams in the field. However, in laboratory trials Irish clams were
also significantly affected by experimental challenge, as demonstrated by the development of
BRD and an increase in V. tapetis levels in clam tissues. Taken together, these observations
suggest that environmental factors play a key role in the susceptibility to infection and

development of BRD, with more conducive environmental conditions in Galicia.

Some virulent strains of V. tapetis were also isolated from venus clam Venerupis
aurea, common cockle Cerastoderma edule (Borrego et al., 1996; Paillard et al., 2006).
Moreover, the reference strain CECT4600T can experimentally induce disease signs in
cockles (Paul-Pont et al., 2010) and BRD signs were also detected in naturally infected

populations, with a low prevalence (Lassale et al., 2007).

Pathology - V. tapetis enters the pallial cavity and adheres to the periostracal lamina.
Subsequently the bacterium colonizes the edge of the mantle and periostracum, which induces
the host to synthetize brown melanized organic protein matrix, conchiolin, whose composition
is different from the shell matrix (Trinkler et al., 2011). This deposit progressively extends to
internal surfaces of the valves. The presence and progression of conchiolin deposits is used to
describe disease (7 steps), and repair (4 calcification steps or Shell Repair Stages, SRS were
also described). The final step of disease coincides with bacterial proliferation in extrapalleal

fluids and occasionally, the internal circulatory system, leading to septicemia and animal

death (Allam et al., 2002) (Table 1).

V. tapetis can lead to animal both weakening and or death. Dead/moribund animals
can be detected at the surface of sediments, with a brown ring conchiolin deposit on the
internal face of the shell. Physiological parameters as growth rate (Flye-Sainte-Marie et al.,
2009a), glycogen storage (Plana et al., 1996) are affected, reflecting the compromise between

growth, energetic storage, defense against pathogen and tissues repairs.

Upon injection of bacteria into extrapalleal fluids, authors observed a rapid increase of
total hemocytes concentration (THC) in the hemolymph, which was more or less stably
maintained (Oubella et al., 1994; Oubella et al., 1996). This coincided with an increase of

granulocytes (Oubella et al., 1994) associated with an increase in phagocytosis (Allam et al.,
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2001). Recently, it has been demonstrated that levels of nitric oxide in the hemolymph
increased in proportion with quantities of circulating V. tapetis (Jeffroy and Paillard, 2011).
Bacteria can inhibit a hemocyte’s adhesion capacity (Choquet et al., 2003) and lead to
cytoskeleton disruption (Brulle et al., 2012). However, such hemolymph modifications were
not observed in a field survey except for animals presenting advanced disease (more than

stage 4) (Flye-Sainte-Marie et al., 2009b).

Virulence factors - To further investigate the repertoire of virulence factors among

strains, proteomic approaches (Balboa et al., 2011a; Bermudez-Crespo et al., 2012; Madec et
al., 2014) were employed. A lack of a published genome sequence limited the identification of
potential virulence factors. A secretomic approach exploiting the unpublished sequence data,
highlighted the absence of metalloproteases in the V. tapetis secreted fraction, and identified
other proteins of interest, such as putative serine proteases-and putative toxins; these finding

require validation (Madec et al., 2014).

To date, the only V. tapetis virulence factor described is DjlA, an inner membrane co-
chaperone (dnal family involved in bacterial pathogenesis) that was implicated in the
virulence phenotype of the bacterium. Functional mutation of this protein induced a loss of

cytotoxic activity against hemocytes (Lakhal et al., 2008).

Diagnosis/Detection — In addition to specific signs of the disease process (brown ring

disease stages and reparation stages), the presence of bacteria DNA can be revealed by PCR
(Drummond et-al.; 2006; Paillard et al., 2006; Balboa et al., 2011b) and molecular
fingerprinting of V. tapetis strains can be achieved by ERIC-PCR, REP-PCR and RAPD
(Rodriguez et al., 2006) (Table 2).

Future research — A better knowledge of the repertoire of virulence factors within this

taxon, as well as their implication in the different steps of the disease should help to better
understand the pathogenesis of this disease. Moreover, the pathological and ecological

significance of the described subspecies should be confirmed.

3. Nocardiosis: Nocardia crassostreae (Nocardiosis in oysters)
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Etiological agent — Members of the genus Nocardia (Plylum Actinobacteria, Class

Actinobacteria;(Stackebrandt et al., 1997)) are often members of soil saprophytic
communities, including those within marine sediments, and can act as opportunistic pathogens
(Friedman et al., 1991; Xu et al.,, 2009; Lee et al., 2014). Over 80 species have been
described within this genus; many are found in marine environments (Olafsen et al., 1993;
Euzeby, 2011). Nocardial infections in oysters were originally referred to as Focal Necrosis or
Multiple Abscesses (Imai et al., 1965; Sinderman and Rosenfield, 1967; Imai et al., 1968;
Koganezawa, 1974) and later renamed Fatal Inflammatory Bacteremia (Elston et al., 1987)
and Pacific oyster nocardiosis, due to its clinical presentation and taxonomic placement,
respectively. The disease is caused by the Gram-positive bacterium Nocardia crassostreae

(Friedman et al., 1998) (Figure 4. Figure 5), which has a thermal optimum of 28 C but can

grow at temperatures up to 30 C (Friedman and Hedrick, 1991; Friedman et al., 1998). Koch’s
postulates were experimentally satisfied using injection trials; no transmission of the
bacterium was observed by co-habitation of inoculation of sediments with the bacterium
(Friedman et al., 1991; Friedman and Hedrick, 1991). This bacterium has been identified in
diseased oysters in Japan (Fujita et al., 1953; Fujita et al., 1955), North America (California
and Washington state, U.S.A. and British Columbia, Canada; (Sinderman and Rosenfield,
1967; Lindsay, 1969; Katkansky and Warner, 1974; Glude, 1975; Elston, 1986; Friedman et
al., 1991; Friedman et al., 1998), and Europe (The Netherlands; (Engelsma et al., 2008)).

Host — Although not identified as a new species of Nocardia until 1998 (Friedman et
al., 1998), N. crassostreae was initially observed in the Pacific oyster C. gigas in association
with host mortality. Although the bacterium was not always identified as the etiological agent
of oyster mortality (Imai et al., 1965; Numachi and Oizumi, 1965; Perdue et al., 1981), N.
crassostreae was demonstrated as a lethal pathogen causing up to 47% losses in laboratory
trials (Friedman and Hedrick, 1991). The thermal range of the bacterium (up to 30°C) may
account for a lack of association with N. crassostreae infection and oyster mortality in Japan
where researchers conducted a reciprocal translocation of oysters at temperatures above the
thermal range for this bacterium (>30-31°C; (Imai et al., 1965; Numachi and Oizumi, 1965;
Tamate et al., 1965; Friedman et al., 1991; Friedman and Hedrick, 1991). This bacterium is
also pathogenic to the European flat oyster Ostrea edulis in Washington state, Canada and
Europe (Elston et al., 1987) and was suggested to be more susceptible to nocardial infections
than the Pacific oyster in one study in Canada (Bower et al., 2005). Infections and mortality

associated with nocardial infections occur during summer and fall months when water
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temperatures are warmer (usually over 20°C) and has been linked to the phenomenon of
summer mortality of oysters in some locations (Friedman et al., 1991; Friedman et al., 1998;

Bower et al., 2005)

Pathology — Gross and clinical signs are fairly consistent among hosts. Oysters and
mussels infected with N. crassostreae may show no clinical signs of infection or may develop
flat to elevated yellow (occasionally green) lesions on the mantle, gill or within the adductor
muscle (Elston et al., 1987; Friedman et al., 1991; Friedman and Hedrick, 1991; Engelsma et
al., 2008; Carella et al., 2013) (Figure 6). Microscopic examination reveals that lesions are
composed of centrally located colonies of pleomorphic, branched Gram-positive bacteria
surrounded by diffuse to focal accumulations of host hemocytes. In animals with heavy
infections, focal lesions may coalesce into large multi-focal zones of bacteria and hemocytes
(Elston et al., 1987; Friedman et al., 1991; Engelsma et al.; 2008). The bacterium is
commonly found within connective tissues and may be found within vascular sinuses or
reproductive follicles. Interestingly, N. crassostreae rarely infects nephridium or digestive
tubule epithelia (Friedman et al., 1991). Inthe Pacific oyster, colonies are primarily observed
within connective tissues surrounding the gastrointestinal tract, reproductive follicles, and, to
a lesser extent, within the mantle, digestive gland connective tissue, gills, and cardiac or
adductor muscle (Elston et al;; 1987; Friedman et al., 1991). While in European flat oysters,
the bacterium is most commonly observed with vascular sinuses within connective tissues
around the digestive tract and, to a lesser extent, in gonad, gills and mantle (Engelsma et al.,
2008). In Mediterranean mussels, bacterial colonies were most frequently observed within
connective tissues surrounding the digestive tract but were also found in the foot, mantle and

gonads, including storage adipoglandular tissues (Carella et al., 2013) (Table 1).

Virulence Factors — No virulence factors have been characterized for N. crassostreae.

However, several factors that influence the virulence of human-pathogenic nocardial species
have been identified. The importance of superoxide dismutase (SOD) and catalase were
demonstrated as important pathology determinants for N. asteroides (Beaman and Beaman,
1994). SOD was also identified from N. brasiliensis (Revol et al., 2006). Whole genome
sequence analysis of N. brasiliensis revealed orthologs for virulence factors, especially genes
involved in synthesis of bioactive compounds and in the synthesis and catabolism of lipids
(Vera-Cabera et al., 2013) An association of the ability to inhibit phagosome-lysosome fusion

and virulence has been well characterized in N. asteroides GUH-2 (Davis-Scibienski and
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Beaman, 1980). Whether or not these same virulence factors are important for N. crassostreae

is not known.

Diagnosis/Detection — Presumptive diagnosis of infection with N. crassostreae can be

made upon observation of gross clinical signs. Nocardial lesions may resemble those caused
by Mikrocytos mackini, the protistan etiological agent of Denman Island disease, whose range
in North America overlaps with that of N. crassostreae. However, N. crassostreae typically
causes raised yellow to green lesions, while those caused by M. mackini are often flat and
green, or concave with or without a greenish color; both pathogens may produce flat lesions
that are green-yellow in color (Quayle, 1961; Elston et al., 1987; Farley et al., 1988; Friedman
et al., 1991). Confirmatory diagnosis can be accomplished via culture of the bacterium using
standard bacterial media from a lesion or from hemolymph samples coupled with
morphological and biochemical tests and or and indirect fluorescent antibody test (IFAT),
PCR, or gPCR (Friedman et al., 1998; Bower et al.; 2005; Carella et al., 2013; Carrasco et al.,
2014) (Table 2). Bacterial colonies are typically observed after 2-3 weeks of incubation at
room temperature and are pale yellow, raised, wrinkled colonies with an irregular margin and
lack aerial hyphae (Friedman et al., 1998). The bacterium does not grow above 30°C
(Friedman et al., 1991; Friedman et al., 1998). The non-motile bacterium is beaded, branched
and pleomorphic with a mycelium-like morphology that may fragment into irregular rods. M.
crassostreae stains Gram-positive to Gram-variable, is acid fast using the Kinyon method and
periodic acid Schiff base-positive (Friedman et al., 1998). Diagnostic stains and indirect
antibody tests may also be employed using tissue sections of preserved animals (Friedman et
al., 1998). Molecular assays (PCR, qPCR and in situ hybridization, and sequence analyses) or
antibody-based assays can be used for bacterial identification on isolates and fresh or
preserved tissue samples (Bower et al., 2005; Carella et al., 2013; Carrasco et al., 2014)
(Table 2).

Future research — A better understanding of transmission dynamics and the role

nocardiosis plays in bivalve health would benefit disease management and mariculture of
affected species. In addition, understanding factors important in defining the virulence of this
bacterium would aid our understanding of host-parasite relationships. Whole genome

sequencing may reveal bacterial life styles as well as genes needed for pathogenesis.
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4, Roseovarius Oyster Disease (aka Juvenile Oyster Disease), Roseovarius

crassostreae-

Etiological agent - The etiological agent of Roseovarius Oyster Disease (aka Juvenile

Oyster Disease; JOD) was a previously undescribed species when first isolated from affected
oysters (Boettcher et al., 1999). Subsequent analyses of the 16S rRNA gene placed the
bacterium within the Roseobacter clade of the marine a-Proteobacteria (Boettcher et al.,
1999, 2000). At the time, marine roseobacters were known to be symbiotic with a variety of
marine plants and invertebrates, but contained no known pathogenic species (Buchan et al.,
2005). After phylogenetic and phenotypic characterization, the JOD-associated bacterium was
designated Roseovarius crassostreae (Boettcher et al., 2000). Its etiological role was
established based on its consistent association with JOD (Boettcher et al., 2000) and the
satisfaction of Koch's postulates (i.e. reproduction of disease signs by experimental challenge)
(Maloy et al., 2007b; Gomez-Leon et al., 2008). The presence of R. crassostreae was also
documented during the initiation and development of a natural epizootic (Maloy et al.,
2007b). In this study, the bacteria were first isolated coincident with the appearance of
microscopic mantle lesions, and preceding the onset of outward signs and mortality. JOD was
then renamed Roseovarius Oyster Disease (ROD) to avoid confusion with other diseases of
juvenile oysters (Maloy et al.; 2007b). To date, all isolates of R. crassostreae have originated
from affected oysters but molecular surveys have also indicated a possible role for this species
in various diseases of corals (Cooney et al., 2002; Pantos and Bythell, 2006; Godwin et al.,
2012).

Host - ROD has only been documented in hatchery-produced Eastern oysters
(Crassostrea virginica) raised in aquaculture (Bricelj et al., 1992; Davis and Barber, 1994;
Ford and Tripp, 1996). There is no evidence that hatcheries are the source of infection, but
rather, juvenile oysters appear to acquire pathogenic R. crassostreae from the ambient water
at grow-out sites (Maloy et al., 2007a; Maloy et al., 2007b). Since 1988, ROD has affected
nursery operations along the Northeast Atlantic coast of the United States, from Maine to
New York (Bricelj et al., 1992; Davis and Barber, 1994; Ford and Borrero, 2001; Maloy et al.,
2007b). Epizootics typically occur late in the summer at moderate salinities and temperatures
(Bricelj et al., 1992; Davis and Barber, 1994; Barber et al., 1996). Affected oysters exhibit a
drastic reduction in growth rates, fragile and uneven valve margins, cupping of the left valve,

thin, watery tissues, and anomalous deposits of conchiolin on the inner shell surfaces (Bricelj

23



et al., 1992; Davis and Barber, 1994) (Figure 7). Mortalities usually occur within 1-2 weeks of
disease onset, and losses may exceed 95%, especially among individuals <25 mm in shell
height (Bricelj et al., 1992; Davis and Barber, 1994; Barber et al., 1996; Boettcher et al.,
1999). The overall manifestation is most similar to Brown Ring Disease (BRD) in Manila

clams, caused by the bacterium Vibrio tapetis (Paillard et al., 1994).

Pathology - Specific virulence determinants and the exact mechanism(s) by which R.
crassostreae causes mortality are still unclear. However, both whole cells and bacterial
extracellular products from R. crassostreae have demonstrated toxicity to oyster hemocytes
(Gomez-Leon et al., 2008). In addition, cultured R. crassostreae has been shown to produce
tufts of polar fimbriae that may be involved in colonization of susceptible oysters (Boettcher
et al., 2005). This hypothesis is supported by microscopic observation of R. crassostreae
attached by their poles to the inner shell surfaces of affected individuals (Boardman et al.,
2008). Once established, colonization by R. crassostreae progresses along the shell surfaces
in a biofilm-like mode of growth (Boardman et al., 2008) which may help them evade host
defenses. In fact, bacteriological and histological examination does not reveal any bacterial
invasion of soft body tissues. Instead, generalized abnormalities such as mantle retraction,
lesions, epithelial degradation and hemocytic infiltration into the pallial cavity are observed
(Bricelj et al., 1992; Ford and Borrero, 2001; Maloy et al., 2007b). Presumably, these
responses, as well as conchiolin deposition occurs as the host responds to, and attempts to
contain, the infection to the inner valves. Unfortunately for the oyster, R. crassostreae also
colonizes the newly synthesized conchiolin matrix (Boardman et al., 2008) (Figure 8), which
in turn, induces additional conchiolin deposition and occasionally chronic infections in larger
individuals (Maloy et al., 2007a). Among smaller oysters with more limited metabolic
resources, death may result (at least in part) from starvation, perhaps as the result of a
ciliostatic toxin. The dramatic reduction in filter-feeding observed in experimentally
challenged oysters supports this hypothesis (Boettcher et al., 2000). Direct or indirect
interference with feeding caused by R. crassostreae would also explain the reduction in
growth rates observed in epizootics, and the emaciated appearance of tissues in affected

individuals (Bricelj et al., 1992; Davis and Barber, 1994; Boettcher et al., 1999).

Diagnosis/Detection - The disease is most easily recognized among oysters 15-25 mm

because they normally exhibit the full spectrum of ROD-signs in addition to significant
mortality (Davis and Barber, 1994; Ford and Tripp, 1996). Mass mortalities of smaller oysters
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due to ROD can be misdiagnosed because the shells often lack the hallmark conchiolin
deposits (Maloy et al., 2007a). Presumably this, and other host responses to infection, requires
significant metabolic resources that are simply lacking in very small oysters (McDowell et al.,
2014). At the other end of the spectrum, ROD among larger individuals (i.e. those > 25 mm)
may be missed because mortality rates among these populations are generally low (Davis and
Barber, 1994). The inner shells of such animals, however, still contain layers of conchiolin
indicative of a vigorous host response (Maloy et al., 2007a). While ROD-signs such as mantle
abnormalities and hemocytic infiltration can be observed in oysters of any size using
histological methods, these signs are not ROD-specific, nor do these methods target the sites

of bacterial concentration (Boardman et al., 2008).

Regardless of the age/size of the affected oyster, R. crassostreae can be isolated in
large numbers from the inner valve surfaces (Boardmanet-al., 2008). However, samples are
very sensitive to proper handling, and recovery of R. crassostreae may be unsuccessful if
processing is delayed too long (>48 h) from the time of collection (Boettcher & Maloy,
unpub.). A specific seawater-based medium with tryptone and glycerol (SWT) (Boettcher and
Ruby, 1990) is recommended for general culture purposes. Although marine agar (MA) is
most widely for the isolation of marine heterotrophic bacteria, it does not support good
growth of R. crassostreae. Colonies of R. crassostreae develop within 2-3 days on SWT agar
and have a chalk-like texture (Boettcher et al., 1999). Most often, the colonies appear pinkish-
beige, although greenish pigments have also been observed (Maloy et al., 2007a).
Confirmation of colony identity may be accomplished either via an antibody-agglutination
test (Boardman, 2005) or by PCR amplification and sequencing of the 16S rRNA gene
(Boettcher et al., 2005). A PCR-RFLP test based on the16S-23S rDNA internal transcribed
spacer (ITS) region has also been developed that provides species and genotype-level
identification of R. crassostreae (Maloy et al., 2005). It can be used on cultured cells or
directly on material from suspected cases of ROD without the need for initial cultivation.
Informative diversity in this 16S-23S ITS region has also proven useful for epizootiological

studies of ROD in the northeastern United States (Maloy et al., 2007a) (Table 2).

Future research — Even before the etiology was established, a number of management

strategies were developed to minimize the impact of ROD on commercial production. These
include early deployment so that oysters reach the size refuge before seasonal occurrences of

ROD in enzootic areas, maximizing water flow through culture systems, and the use of
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selected lines of oyster broodstock bred for resistance to ROD (Barber et al., 1998; Davis and
Barber, 1999). While these approaches have been largely successful, the threat of ROD
(especially for new growers) continues to limit the expansion of oyster aquaculture in the
Northeast. Selective breeding efforts continue with the aim of producing resistant lines

particularly suited to specific regions (Guo et al., 2003; Rawson and Feindel, 2012).

Efforts have also intensified to identify R. crassostreae virulence factors and
mechanisms of host resistance. Researchers at the University of Rhode Island recently
conducted transcriptome analysis to identify suites of oyster genes whose regulation is
affected by exposure to R. crassostreae (McDowell et al., 2014). Transcripts corresponding to
immune recognition and stress response proteins, as well as a serine protease inhibitor, were
identified in challenged oysters. Further, challenged individuals from a resistant line
differentially expressed a pro-inflammatory cytokine (I1L-17), an immune regulator involved
in nitric oxide production (arginase), and proteins involved in extracellular matrix repair. In
contrast, susceptible oysters challenged with R. crassostreae differentially expressed
metabolic enzymes. It is easy to envision how increased metabolic activity, coupled with
feeding impairment following R. crassostreae colonization, would result in the rapid

exhaustion of the animals’ resources.

In addition to characterizing the potential role of R. crassostreae extracellular products
(e.g. hemolysins, serine proteases, ciliostatic toxins, etc...) in pathogenesis, it is of great
interest to determine what regulates the differential expression of fimbriae and flagella by
these bacteria. For example, it may be that transition to a biofilm mode of growth in the oyster
and/or the expression of virulence genes, may be controlled by quorum sensing systems as
they are in many other bacterial species (Parsek and Greenberg, 2005). Indeed, quorum
sensing homologues are widespread among members of the Roseobacter clade (Zan et al.,
2014). The full genome sequence of R. crassostreae is nearly completed (D. Nelson,
University of Rhode Island, pers. comm.) and when available, will greatly facilitate these

studies.

5. Rickettsia like organisms:

Etiological agent —Rickettsia-like organisms (RLOs) are obligate intracellular, Gram

negative, rod-shaped organisms (Fournier and Raoult, 2009). Coccoid forms are referred to as
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Chlamydia-like organisms, which have complex life histories, are rarely observed in marine
bivalves and will not be discussed further in this review. Although terrestrial RLOs require a
vector for transmission, marine RLOs are directly transmitted between hosts, typically via
water-borne transmission (Friedman et al., 2002b; Fournier and Raoult, 2009). These bacteria
may be found free within host cell cytoplasm but are more commonly observed within
intracytoplasmic vacules (See review by Friedman and Crosson 2012). Like most RLOs, no
RLOs infecting marine bivlaves have been cultivated on artificial media (Friedman et al.,

2000; Fournier and Raoult, 2009) Friedman et al. 2000).

Host -.Despite their importance as causative agents of severe mortality outbreaks in
farmed aquatic species, little is known about their life cycle and their host range (Ferrantini et
al., 2009). However, twenty —nine species of molluscs have been reported infected with RLOs
(Delgado et al., 2007; Friedman and Crosson, 2012; Gollas-Galvan et al., 2013). The first
detection of RLOs infecting a marine bivalve occurred in the 1970s and were observed in Mya
arenaria (Harshbarger et al., 1977). It is important to note that not all infections reported have

resulted in mortalities in affected host species.

Pathology — Rickettsia-like organisms usually cause asymptomatic infections
(Carballal et al., 2001; Jones, 2007; Sabry et al., 2011). However in other cases, the presence
of RLOs has been associated with high mortalities of farmed molluscs (Renault and
Cochennec, 1994; Villalba et al., 1999; Wu and Pan, 1999; Wu et al., 2003; Suna and Whu,
2004; Delgado etal., 2007; Zhu et al., 2012). In the majoraity of these cases light microscopy
was used to investigate the cause of mortality and identified the presence of intracellular
colonies of bacteria. Histologically, RLO have been found in several species of bivalves
within the epithelial cells of the mantle, digestive gland, gills and connective tissues. RLOs
typically colonize cells of the digestive gland, gills or mantle and (Renault and Cochennec,
1994; Wu and Pan, 1999) (Table 1). In Callista chione, rickettsia-like colonies were detected
in the gills of all the individuals examined (Delgado et al., 2007). Sun and Wu (2004)
observed RLO in epithelial cells and connective tissues of the gill, mantle and digestive gland
in most of the oysters, Crassostrea ariakensis, examined. Electron microscopic examination
of infected tissues revealed that the RLOs were intracytoplasmic, usually with round form
(when cut in cross section), dumbbell- shaped and occasionally rod-shaped; the bacterium
ranged from approximately 0.58 to 1.20 pm in size. The RLO had a trilaminar cell wall,

electron-dense periplasmic ribosome zone and a DNA nucleoid. In addition, transverse binary
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fission of dividing RLOs was observed. Some enlarged cells contained hexagonal phage-like
particles in the bacterial cytoplasm. RLOs have not been only detected inside the host cells;
surprisingly, these bacteria have been reported to temporarily survive attached to the outside
of gill cells of C. gigas, which may be a portal of entry for this bacterium (Azevedo and
Villalba, 1991) (Table 1).

Other cases of mortality (up to 100%, in May 2007) have been reported for cultured
blood clam, Tegillarca granosa, occurred in the Yueqing Bay of China from2005 to 2009,
where an obligate intracellular prokaryote, designated as rickettsia-like organism (RLO), was
frequently found in the moribund or dead blood clam samples during ultrastructural
examination (Zhu et al., 2012). Mortality usually occurred between March and September and
reached a peak in the spring and autumn seasons. The water temperatures at which the disease
occurred ranged from 16 to 31°C. When the mortalities occurred, moribund clams were
usually anorexic and lethargic. The shells were either opened or closed incompletely and the
mantle tissues were thin and easy to rupture. The gills appeared structurally disordered with
the ends of the gill filaments ruptured or eroded. The internal organs appeared thin and pale.
Under observation with the naked eye, small amounts of mucus were observed on the mantle,
gills and visceral organs. Cytopathological examinations revealed extensive necrosis and
destruction in the infected cells. The degree of tissue destruction was positively correlated to
the number of RLO inclusions in the tissues, and the cytopathological effects were positively

correlated to the number of intracellular RLOs (Zhu et al., 2012) (Table 1).

Another mortality case reported to be caused by RLO occurred in farmed juvenile
pearl oysters, Pinctada maxima (Wu et al., 2003). The peak of mortality rates, in general,
occurred in 4-to 6-month old juvenile pearl oysters; mortality rates gradually declined with
age (e.g. over 8 months old). Histological examination showed that peaks of RLO infections

accompanied mortality peaks (Wu et al., 2003) (Table 1).

In Northern Spain a histopathological survey was performed to investigate the etiology
of high mortality of the clam Venerupis rhomboides (Pennant) in exploited beds of the
Ensenada de Riveira (Ria de Arousa, Galicia, NW Spain) (Villalba et al., 1999). According to
prevalence, infection intensity and associated histopathological signs, a branchial rickettsia-
like organism was the only pathogen that could be tentatively blamed for the mortality.
Spherical to elongated intracytoplasmic rickettsia-like colonies up to 25 um in length were

observed at the base of gill filaments of the clams. Transmission electron microscopy allowed
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the identification of the microorganisms in the colonies as rickettsia-like. Individual bacteia
measured about 0.5 to 0.8 pm in diameter and up to 3 pm in length. The infection process
resulted in extreme hypertrophy and lysis of host epithelial cells Infection intensity was rated
for each clam and comparison among high mortality-affected and non-affected populations
and indicated that the branchial rickettsia-like infection as the probable cause of the clam

deaths (Villalba et al., 1999).

Virulence factors — Despite the availability of complete genome sequencing and
comparison between virulent and avirulent strains of terrestrial, human-pathogenic RLOs.
The similarity of virulence factors identified for terrestrial RLO pathogens and marine

representatives (Felsheim et al., 2009; Fournier et al., 2009), remains unknown.

Diagnosis/Detection — Most common diganostic technique for this group of pathogens

is the detection of (typically) basophilic, intracellular colonies using light microscopy. Further
characterisation is then done using TEM. Li and Wu (2004) compared three methods to purify
RLO from mantle, gills and digestive glands from the scallop Argopecten irradians. They
reported that the protocols based on ether treatment and sucrose density gradient
centrifugation should not be applied to purify RLO used for immunity and transmission
infection studies; these methods are appropriate exclusively for studies in which the bacterium
does not have to be alive or physiologically viable, for instance, the study of nucleic acids.
The extraction of total DNA followed by amplification of the r16S gene and sequencing has
also been used with these preparation methods (Roux and Raoult, 1995). On the other hand,
renografin density gradient centrifugation is a harmless isolation method for RLO; this
method has been employed to isolate RLO from other molluscs and taxa (Wu et al., 2005;
Zhu and Wu, 2008); such technique allows making research on ultrastructural morphology of
RLO and performing challenges in molluscs to evaluate their immune response against a RLO

infection.

Future research — Our understanding of host-RLO dynamics in marine bivalve hosts is

in its nascent stages. Characterizing the transmission, pathogenesis of RLO pathogens,
virulence factors are needed as are validated diagnostic methods that allow differentiation
among RLO taxa. The ability of in vitro or in vivo (cell lines) would greatly enhance our

ability to study these organisms.
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6 Concluding remarks

On a global scale, outbreaks of disease have increased over last decades in the marine
environment (Ward and Lafferty, 2004). Although the definitive causes for this increase are
uncertain, ocean warming (Harvell et al., 2002) and marine pathogen emergence, re-
emergence or evolution (that can lead to colonization of new niches) appear to be important
driving forces. For instance, bacteria of the Vibrio genus were shown to have increased in
dominance within the plankton-associated bacterial community, in correlation with sea
surface temperature, in the North Sea where an unprecedented increase in human infections
related to these bacteria was recently reported (Vezzulli et al., 2011). In our changing
environment, studies on the impact of predicted changes (temperature, salinity and
acidification) on the evolution of bacteria, and their interactions, coupled with
epidemiological model-based approaches should be encouraged (Altizer et al., 2013; Burge et
al., 2014). Moreover, rapid identification of pathogens (virulent strains) should be an
objective of future works, especially in marine aquaculture where movement of animals can
be sources of pathogen introduction (Murray et al., 2012). With recent mass genomes
sequencing (Le Roux et al., 2009; de O Santos et al., 2011; Vera-Cabera et al., 2013; Richards
et al., 2014a; Richards et al., 2014b) and microbial genetic tools (Le Roux et al., 2007), we
can expect more studies identifying and demonstrating the implication of virulence factors in
pathogenesis that, in turn, can lead to new molecular tools for better epidemiological studies.
Such tools should allow identification of previously isolated pathogens, and reclassification /

precision of actiological agents.

Finally, there is an increasing need for finding alternative ways to control microbial
diseases in aquaculture. Such alternative approach may utilize bacteriolytic phages targeting
causative agents, as bioagents for the treatment or prophylaxis of bacterial infectious disease
(Oliveira et al., 2012). Initial approaches using phage-induced bacterial lysis of V. harveyi
infecting shrimp have been published and could be extended on bivalves’ pathogens (For
review Oliveira et al., 2012). Cooperation among researchers may help expand our ability to

understand and control bacterial diseases in marine hosts.
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Figure legends

Figure 1: Phenotypic diversity on (A) ChromAgar and (B) TCBS, of strains belonging to the
large Splendidus clade and particularly to V. splendidus, V. gigantis, V. pomeroyi, V.

crassostreae, V. tasmaniensis species (P. Haffner)

Figure 2: V. aestuarianus forms small colonies after 48h at 22°C (A) on Zobell medium and

(B) blue on ChromAgar (P. Haffner)

Figure 3: Detail of the non specific disease signs observed 24 hours post-infection in
experimentally infected larvae with V. tubiashii (07/118 T2) or V. coralliilyticus (strain
06/210). Bar =200 um.

Figure 4: Colony of Nocardia crassostreae on Brain Heart Infusion agar. Bar = 10 um.

(Friedman et al; 1991; Paillard et al, 2004). Reprint with permission.

Figure 5: Gram-positive colonies of Nocardia crassostreae in connective tissues of a Pacific
oyster. Brown and Brenn Gram stain. Bar = 10 um. (Friedman et al; 1991; Paillard et al,

2004). Reprint with permission.

Figure 6: Pacific oyster with advanced nocardiosis as shown by the numerous pustule-like
lesions throughout the mantle (arrows). Lesions are composed of N. crassostreae colonies and

host hemocytes (Friedman et al; 1991). Reprint with permission.

Figure 7: ROD-affected juvenile Crassostrea virginica exhibiting fragile, uneven valve

margins and conchiolin deposits on inner valve surfaces. (A. Maloy)

Figure 8: SEM images of an ROD-affected oyster. (A) Low magnification (30X) view of conchiolin
deposit-on inner shell valve. (B) High magnification (16,000X) view of the boxed region of panel A

revealing bacteria attached to the conchiolin surface.
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Table 1: Reviewed histopathological studies

Pathogenic species Host Life stage Mortality outbreak / Tissue % Mortality Reference
detected / used experimental infection
Vibrio splendidus Clam Larvae and Mortality outbreak in Velum and necrosis of tissues in larvae 62% recorded Gomez-Leon et al., 2005
biovar Il V. decussatus spat hatchery and experimental during outbreak
injection and immersion Mantle, Disorganization of muscles
V. alginolyticus fibers and strong hemocytic infiltration 48 to 60% in 30
in the connective tissue days
experimentally
Vibrio kanaloae / Adults Experimental cohabitation Periphery of the muscle (lesions of the 15% in 8 days Gay et al., 2004
V. pomeroyi Oyster translucent part of the adductor
C. gigas muscle.
Vibrio splendidus- Larvae Mortality outbreak in Velar damage with necrosis and 100% in 3 to 5 days Nicolas et al., 1996
related Scallop hatchery detachment of velar cells
P. maximus
V. tubiashii Larvae Mortality outbreak in Larval motility affected and increase in 100% in 12 hours Tubiash et al., 1965
Oyster hatchery soft-tissue necrosis
C. gigas, O. edulis
Scallop
A. irradiens
V. coralliilyticus / Larvae Mortality outbreak in Irregular movements, detachment of 75% in 7 days Kesarcodi-Watson et al.,
neptunius Mussel hatchery cilia, aggregation of bacteria around 2009
P. canaliculus the velum and deterioration of soft
tissues
V. tapetis Adults Mortality outbreak Colonize palleal cavity, periostracal Allam et al., 2002
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Clam
V. philippinarum

lamina, extrapalleal fluids, and
sometime internal circulatory system

Paillard et al., 2004

Roseovarius American oyster Juvenile Mortality outbreak at nursery Colonize inner surfaces of valves and 95-100% in 2-3 Ford & Borrero, 2001,
crassostreae Crassostrea sites and experimental on deposited conchiolin weeks Maloy et al., 2007b;
virginica injection and immersion Mantle lesions, strong hemocytic Boardman et al., 2008,
infiltration, epithelial degradation Gomez-Leon, et al., 2008
Nocardia Pacific oyster C. Adults Mortality outbreaks in mature | Develop pustule-like, yellow to green Up to47% losses Friedman and Hedrick
crassostreae gigas adults at field sites and lesions in mantle, gills and adductor within 34 days 1991
experimental injection studies muscle; colonies throughout
connective tissues, especially in
reproductive follicles and digestive
tissues
RLO Oyster Adults Routine survey Intracytoplasmatic vacuoles in ciliated Azevedo et al 2005
C. rizophorae gill filaments
Cockle Adults Routine survey Rounded intracellular basophilic 13% Prevalence in Carballal et al 2001
Cerastoderma colonies of rickettsiae- like organisms gills and 15%
edule were detected in epithelial cells of the prevalence in
gills'in digestive cells digestive system
Clam Adults Mortality outbreak in Rickettsialike colonies were detected 70% mortality in 55 Delgado et al 2007
Callista chione experimental hatchery system | in the gills of all the individuals, with a days
mean infection intensity of 3
colonies/area and a mean colony size
of 21.3 um
Oyster Adults Mortality recurrent annually large number of eosinophilic 80-90% mortality Wu and Pan 2000.
Crassostrea between february and may in intracytoplasmic inclusions in the
ariakensis oyster farms epithelial cells of the gills, digestive
gland, digestive tube and mantle.
Pearl oyster Juveniles Mortalities.in culture 87 % infection in survivors. Up to 70% in 2 Wu et al 2003

Pinctada maxima

conditions

months

Cockle
Tegillarca granosa

Mortality occurred in at least
5 farms

Intracytoplasmic inclusions within the
epithelial tissues of the mantle, gills
and digestive tube and within the
connective tissues of the mantle and

mean mortality
rate >10%

Zhu et al 2012
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Figure 1: Phenotypic diversity on (A) ChromAgar and (B) TCBS, of strains belonging to the
large Splendidus clade and particularly to V. splendidus, V. gigantis, V. pomeroyi, V.

crassostreae, V. tasmaniensis species (P. Haffner)
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Figure 2: V. aestuarianus forms small colonies after 48h at 22°C (A) on Zobell medium and
(B) blue on ChromAgar.

V. tubiashii > V. coralliilyticus Control

200 ym

Figure 3: Detail of the non specific disease signs observed 24 hours post-infection in

experimentally infected larvae with V. tubiashii (07/118 T2) or V. coralliilyticus (strain
06/210). Bar =200 um.

53



Figure 4. Colony of Nocardia crassostreae on Brain Heart Infusion agar. Bar = 10pum.

Figure 5." Gram-positive colonies of Nocardia crassostreae in connective tissues of a Pacific

oyster. Brown and Brenn Gram stain. Bar = 10pm.
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Figure 6. Pacific oyster with advanced nocardiosis as shown by the numerous pustule-like
lesions throughout the mantle (arrows). Lesions are composed of N. crassostreae colonies and

host hemocytes (Friedman et al; 1991). Reprint with permission.
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Figure 7. ROD-affected juvenile Crassostrea virginica exhibiting fragile, uneven valve margins and

conchiolin deposits on inner valve surfaces. (A. Maloy)

Figure 8: SEM images of an ROD-affected oyster. (A) Low magnification (30X)
view of conchiolin deposit on inner shell valve. (B) High magnification (16000X)
view of the boxed region of panel A revealing bacteria attached to the conchiolin

surface.
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Table 2: Molecular diagnostic tools available

Pathogenic Diagnostic tool Application Detected bacteria Recommendations Number of tested Detection limit Reference
species species/strains
V. tasmaniensis | PCR assay based on Identification Various strains of V. To combine with 45 species, 500 fg of DNA Lago et al., 2009
16s rDNA tasmaniensis V. splendidus and biochemical assays for 62 strains 2x10° CFU/g of
other V. splendidus-related discrimination infected clam
species
V. splendidus PCR assay based on Identification Various strains of V. To combine with 45 species, 1 pg of DNA Lago et al., 2009
16s rDNA tasmaniensis V. splendidus and biochemical assays for 62 strains 2x10° CFU/g of
other V. splendidus-related discrimination infected clam
species
V. neptunius PCR assay based on Identification Various strains of V. neptunius To combine with 45 species, Lago et al., 2009
16s rDNA and V. parahaemolyticus biochemical assays for 114 strains 1 pg of DNA
discrimination
V. aestuarianus QPCR assay based Identification All tested strains of V. Boiled isolates 23 species, 1.6:10° cells/mg of Saulnier et al.,
on dnal Quantification aestuarianus (10) Tissue/seawater DNA 34 strains tissue 2009
extracts
Colony blot Identification V. aestuarianus sp. Cultivated bacteria n.d. n.d. Azandegbe et
targeting gyrB Quantification al., 2010
V. tubiashii QPCR assay based Identification All tested strains of V. tubiashii Boiled isolates 9 species 10° bacteria/ml Travers et al.,
on gyrB Quantification | (10) Tissue/seawater DNA 21 strains 2014
extracts
V. coralliilyticus QPCR assay based Identification 12 / 13 strains of V. 22 species 1 CFU/ml in seawater Pollock et al.,
on dnal Quantification coralliilyticus tested 32 strains 10* CFU/cm2 of coral 2010
QPCR assay based Identification Virulent strains of V. Allow reclassification of V. 18 species 10 gene copies Wilson et al.,
on vcpA Quantification coralliilyticus (16) tubiashii RE22, ATCC19105 34 strains 2013
metalloprotease and V. coralliilyticus C2
V. tubiashii / V. PCR assay on Identification V. tubiashii strains (ATCC19109) 10 species n.d. Sathyamoorthy
coralliilyticus hemolysin ribA and V. coralliilyticus (RE22, 23 strains etal, 2011
RE98, ATCC19105)
QPCR assay based Identification V. tubiashii strains (7) and V. Environmental samples, 8 species 10 bacteria Gharaibeh et
on protease VtpA Quantification coralliilyticus (RE22, RE9S, hatchery seawater, boiled 17 strains al., 2009
ATCC19105)
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Immunoassay Identification V. coralliilyticus (RE22, RE98 Environmental samples, 4 species 0.5 pg/ml of Gharaibeh et
(directed against Quantification BAA450) hatchery seawater 5 strains protease al., 2013
metalloprotease
VipA)
V. harveyi clade PCR on toxR gene Identification V. harveyi strains (10) 8 species n.d. Conejero and
18 strains Hedreyda, 2003
PCR on 16s rRNA Identification V. harveyi strains (24) and To combine with 9 species n.d. Oakey et al.,
V. alginolyticus strains biochemical assays for 44 strains 2003
discrimination
AFLP, REP-PCR, Diversity V. harveyi (15 environmental Type strains and samples 14 species n.d. Hernandez and
RAPD, RFLP strains) from farmed shrimp and 29 strains Olmos, 2004
their water
RAPD Diversity V. harveyi strains (11) Isolated strains from 1 species n.d. Pujalte et al.,
seabream, seabass, dentex 47 strains 2003
LAMP Identification V. harveyi strains (19) Diseased shellfish, aquatic 22 species, 17.2 cells per Cao et al., 2010
animals from different 44 strains reaction
sources
TagMan QPCR Identification V. harveyi species Boiled isolates 7 species 1,8 x10 *1 bacteria/ Schikorski et al
Quantification and virulent strains for abalone Tissue DNA extracts 17 strains reaction 2014
(10)
ARDRA Identification Species 14 species n.d. Kita-Tsukamoto
15 strains et al 2006
V. tapetis PCR assay on 16S Identification V. tapetis strains (23) and some | Best specifidicty for Jvt1-Jvt2 29 species 2-20 bacteria Paillard et al.,
rRNA cross-reaction 3 and 6 other primers 51 strains 2006; Park et
species for VtKF-VtKR and VtF- al., 2006;
ViR respectively Balboa et al.,
2011
ERIC-PCR, REP-PCR Diversity V. tapetis strains (28) 28 strains n.d. Rodriguez et al.,
and RAPD 2006
Roseovarius PCR-RFLP of 16S- Identification Species and Genotype Most effective when inner 6 species 10 bacterial cells per Maloy et al.,
crassostreae 23S rDNAITS and Diversity valve surfaces are sampled 506 strains oyster 2005; 2007a
Immunoassay Identification Species Can use in agglutination 7 species 1 bacterial cell Boardman,
(polyclonal and Localization assay, IFAT on swab smears 2005
antibody) and/or tissue sections
Nocardia PCR of 16S rDNA Identification Species Designed for use on oyster 16 strains 1300 cfu/mL and 13 Carrasco et al.
crassostreae and gPCR of 16S- and tissues and bacterial cfu/mL 2013
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ACCEPTED MANUSCRIPT

23S rDNAITS Identification/ cultures
Quantification
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