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Abstract: Consumer preference for healthy and sustainable food products has been steadily increasing
in recent years. Bivalve mollusks satisfy these characteristics and have captured ever-increasing
market shares. However, the expansion of molluscan culture in worldwide and global trade have
favored the spread of pathogens around the world. Combined with environmental changes and
intensive production systems this has contributed to the occurrence of mass mortality episodes, thus
posing a threat to the production of different species, including the Pacific oyster Crassotrea gigas. In
the San Teodoro lagoon, one of the most devoted lagoons to extensive Pacific oyster aquaculture in
Sardinia, a mortality outbreak was observed with an estimated 80% final loss of animal production.
A study combining cultural, biomolecular and histopathological methods was conducted: (1) to
investigate the presence of different Vibrio species and OsHV-1 in selected oyster tissues (digestive
gland, gills, and mantle); (2) to quantify Vibrio aestuarianus and to evaluate the severity of hemocyte
infiltration in infected tissues; (3) to produce post-amplification data and evaluating ToxR gene as
a target for phylogenetic analyses. Results provide new insights into V. aestuarianus infection related
to oyster mortality outbreaks and pave the way to the development of tools for oyster management.
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1. Introduction

The bivalve mollusks market has a significant economic impact worldwide and it represents about
15% of total aquaculture production. The Pacific oyster Crassostrea gigas has become one of the most
commonly farmed mollusk species worldwide [1], with a production of approximately 5,600,000 tons
in 2016 only [2]. In Italy, despite C. gigas representing less than 1% of the total mollusk production
demand for oysters, demand is growing and continues to trend upward [3]. Italy represents the
third-largest market in Europe [4]. The expansion of molluscan culture worldwide and global trade
have favored the spread of pathogens around the world [5] which, combined with environmental
changes and intensive production systems, contributed to the occurrence of mass mortality episodes
thus posing a threat to the production of different species, including the Pacific oyster [6].

Mass mortality has occurred in farmed oysters for over five decades with great economic impact,
with mortality reaching 90% to 100%, and non-specific initial symptoms, such as reduced growth and
decreased feeding activity. An oysters physiological and environmental factors (water temperature
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and salinity), and presence of pathogens (virus and bacteria) have been implicated as potential risk
factors for mass mortality [7–10].

Mortality outbreaks of oysters have been recorded in larvae and juvenile specimens and have been
mostly attributed to a variant of type 1 oyster herpesvirus (OsHV-1 µvar). Adults can also be affected
but they rarely show tissue damage [9–12]. Literature also reports that OsHV-1 µvar can persist for
a long time in the infected hosts without apparent symptoms [13,14]. Thus, as highlighted by several
authors, the detection of abnormalities in oyster organs is paramount to differentiate affected from
asymptomatic oysters.

Beside OsHV-1, several Vibrio species have been found to coinfect oysters during mortality
episodes, although their role in disease is not yet completely understood and appears controversial [15].
Several Vibrio strains were isolated from healthy and moribund oysters, and numerous reports
indicate V. aestuarianus as the main causative agent in adult oysters, sometimes in synergy with
V. splendidus [16–19]. Nevertheless, data about V. aestuarianus and oyster interaction in the field are
poorly reported in the literature, while most data derives from experimental challenges [6]. However,
oyster mortality outbreaks and the presence of V. aestuarianus have been observed also in Italy [3,20].

As a general rule, the sole detection of Vibrio spp. in mollusks doesn’t necessarily relate to disease
establishment and progression, for these microorganisms are ubiquitous in marine and brackish
waters. Thus, combining the polymerase chain reaction (PCR) and histology approaches is necessary
to determine the pathological significance of Vibrio in affected oysters. In fact, although PCR is the
standard method for pathogen identification, histopathology represents an important screening tool in
bivalve pathology providing crucial information on the presence and extent of hemocyte infiltration,
and type and severity of tissue lesions associated with the presence of bacteria [5,6,21–23].

In general, fragmented information is available on the description of histological alterations in
free-living (farmed) infected oysters, and only few studies describe a grading system for evaluating
the severity of organ injuries associated with Vibrio spp. infection. Garnier and co-workers [17]
reported necrotic lesions in different connective tissues and in the adductor muscle, and atrophy of the
epithelium of the digestive gland. Additionally, Parizadeh et al. [6] described histologically localized
bacteria in oyster tissues associated with lysis of the sub-epithelial connective tissue of the mantle,
atrophy of the digestive gland, and infiltration in hemolymphatic vessels in oysters experimentally
infected with V. aestuarianus.

This study investigates the occurrence of the most common oyster pathogens (OsHV-1, Vibrio
species) and related immune response in target organs during a mass mortality outbreak that occurred in
Pacific oysters farmed in Sardinia by combining cultural, biomolecular, and histopathological methods.

The potential contribution of V. aestuarianus to oyster mortality and the relevance of mantle
hemocyte infiltration in Vibrio infection diagnosis are also discussed.

2. Results

Oyster mortality episodes were recorded during the winter season from December 2016 to
February 2017, when water temperatures ranged from 13 to 14 ◦C (Supplementary Table S1). Oysters
(n = 358) were mostly found moribund during the aforementioned period.

Microbiological analyses from the digestive gland of individual oysters (n = 358) resulted in
the isolation of 376 bacterial strains. Of 376 strains, 100 were biochemically identified as Vibrio spp.
(>95% identity), while 276 were ascribed to Vibrio spp. low identity, or to environmental bacteria of
uncertain identification.

Molecular identification of Vibrio spp. by toxR PCR conducted on the 376 bacterial strains
(100 Vibrio spp. > 95% identity + 276 low identity Vibrio spp. and environmental bacteria) allowed
to assign 71 (18.9%) strains to V. aestuarianus and 166 (44.1%) strains to V. splendidus (Table 1). One
hundred thirty-nine strains were molecularly identified as environmental bacteria and were discarded
for further analysis.
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Table 1. Histopathological evaluation of hemocyte infiltration in the digestive gland, gills, and mantle
of oysters in PCR positive samples for V. aestuarianus and V. splendidus.

PCR + * H. I.

Mild Moderate Severe

Digestive gland V. aestuarianus 71/376 V. aestuarianus 52/71 33 (46.5%) 15 (21.1%) 4 (5.6%)
V. splendidus 166/376 V. splendidus 126/166 88 (53%) 33 (19.9%) 5 (3%)

Gill and mantle
individual pools

V. aestuarianus 28/358 gills 24/28 16 (57.1%) 7 (25%) 1 (3.6%)
V. splendidus 0/358 mantles 28/28 3 (10.7%) 22 (78.6%) 3 (10.7%)

- - -

* H. I. = hemocyte infiltration at histology.

Histologically, 52 out of 71 (73.2%) V. aestuarianus toxR PCR positive digestive glands showed
mild to severe hemocyte infiltration (Table 1), 18 digestive glands did not show hemocyte infiltration
and 1 sample was not able to be evaluated by histology. Hemocyte infiltration was also observed
in 215 out of 287 (74.9%) V. aestuarianus PCR negative digestive glands. Both V. aestuarianus PCR
positive and negative digestive glands were more commonly associated with a mild intensity of
infiltration (χ2 (2) = 6.4767; p < 0.05). Similarly, 126 out of 166 (75.9%) V. splendidus toxR PCR positive
digestive glands were associated with mild to severe hemocyte infiltration (Table 1), 39 digestive glands
did not show hemocyte infiltration, and 1 sample was not evaluable by histology. In the digestive
glands, differences in hemocyte infiltration between PCR-positive and PCR-negative samples were not
statistically significant (both in the case of V. aestuarianus and V. splendidus) (p > 0.05).

Twenty-eight out of 358 (7.8%) gills and mantle pools (see materials and methods) were positive
for V. aestuarianus by toxR PCR, while V. splendidus toxR PCR was negative in the same samples.

Oyster PCR positives to V. aestuarianus were mostly observed during the mortality episode
(Supplementary Table S1). Similar to that observed in the digestive gland, PCR-positive gills (n = 28)
showed mild to severe hemocyte infiltration by histopathology (24 out of 28; 85.7%) (Table 1), two gills
did not show hemocyte infiltration, and two gills were not able to be evaluated by histology. Hemocyte
infiltration was also observed in 178 out of 330 (53.9%) PCR-negative samples.

The difference in hemocyte infiltration between PCR positive and PCR negative gills was
statistically significant (Fisher’s Exact test p < 0.05). By histopathology, V. aestuarianus PCR-positive
gills showed mostly mild hemocyte infiltration, and more rarely moderate and severe infiltration
(Table 1).

Histopathology revealed hemocyte infiltration in 100% (n = 28) of V. aestuarianus PCR-positive
mantles, mostly moderate and severe (Table 1); of these, 12 samples showed hemocyte infiltration in
hemolymphatic vessels. In particular, hemocytes were prevalently observed in sub-epithelial mantle
connective tissue, and their distribution was multifocal, diffuse, or nodular [22,23] (Figure 1). Nodular
aggregation of hemocytes was mostly observed in association with severe infiltration (Figure 1), and
hemocytes were often located within hemolymphatic vessels.
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Figure 1. Oyster mantle. (A) normal tissue; (B) moderate and (C) severe hemocyte infiltration; (D) 
nodular distribution of hemocyte infiltrates. Bar A-B-C-D = 50 µm. 

Hemocyte infiltration was also observed in 157/330 mantle PCR negative mantles (47.6%), and 
19 mantles were not able to be evaluated by histology. 

Hemocyte infiltration was more frequently observed in V. aestuarianus PCR-positive mantles 
compared to negative mantles (Fisher's Exact test p < 0.01). Interestingly, positive mantles were most 
commonly associated with a moderate degree of hemocyte infiltration (78.6%), while mild 
infiltration was most frequently recorded in negative mantles (80.3%) (χ2 (1) = 54.8119; p < 0.01). 

V. aestuarianus bacterial loads in gills and mantle pools ranged from 6.05 × 102 copies/µl to 7.55 × 
106 copies/µL. Five out of 28 samples were 102 copies/µL, 11 out of 28 were 103 copies/µL, 7 out of 28 
were 104 copies/µL, 4 out of 28 were 105 and 1 out of 28 samples had 106 bacterial loads. Furthermore, 
the highest V. aestuarianus loads (p = 0.1) were found in pools associated with mantle sub-epithelial 
connective tissue with moderate and severe hemocyte infiltration. 

Gills and mantle pools were negative for V. splendidus ToxR PCR (Table 1). 
Notably, PCR failed to detect OsHV-1 in gills and mantle pools extracted from all the oysters 

examined (n = 358).  
PCR products (n = 28) obtained from gills and mantle pools with V. aestuarianus ToxR PCR were 

successfully cloned into pCR4-TOPO. Sequencing revealed an invariable sequence of 219 
nucleotides and the strain was designated V. aestuarianus Sar1. BLASTN results are summarised in 
Table 2. Briefly, V. aestuarianus Sar1 shared 99% to 100% with several V. aestuarianus subsp. francensis 
strains isolated by Garnier and coworkers [17].  

Figure 1. Oyster mantle. (A) normal tissue; (B) moderate and (C) severe hemocyte infiltration;
(D) nodular distribution of hemocyte infiltrates. Bar A-B-C-D = 50 µm.

Hemocyte infiltration was also observed in 157/330 mantle PCR negative mantles (47.6%), and
19 mantles were not able to be evaluated by histology.

Hemocyte infiltration was more frequently observed in V. aestuarianus PCR-positive mantles
compared to negative mantles (Fisher’s Exact test p < 0.01). Interestingly, positive mantles were most
commonly associated with a moderate degree of hemocyte infiltration (78.6%), while mild infiltration
was most frequently recorded in negative mantles (80.3%) (χ2 (1) = 54.8119; p < 0.01).

V. aestuarianus bacterial loads in gills and mantle pools ranged from 6.05 × 102 copies/µL to
7.55 × 106 copies/µL. Five out of 28 samples were 102 copies/µL, 11 out of 28 were 103 copies/µL, 7
out of 28 were 104 copies/µL, 4 out of 28 were 105 and 1 out of 28 samples had 106 bacterial loads.
Furthermore, the highest V. aestuarianus loads (p = 0.1) were found in pools associated with mantle
sub-epithelial connective tissue with moderate and severe hemocyte infiltration.

Gills and mantle pools were negative for V. splendidus ToxR PCR (Table 1).
Notably, PCR failed to detect OsHV-1 in gills and mantle pools extracted from all the oysters

examined (n = 358).
PCR products (n = 28) obtained from gills and mantle pools with V. aestuarianus ToxR PCR were

successfully cloned into pCR4-TOPO. Sequencing revealed an invariable sequence of 219 nucleotides
and the strain was designated V. aestuarianus Sar1. BLASTN results are summarised in Table 2. Briefly,
V. aestuarianus Sar1 shared 99% to 100% with several V. aestuarianus subsp. francensis strains isolated by
Garnier and coworkers [17].

Table 2. Results of BLASTN analysis.

V. aestuarianus subsp. francensis Strains

02/114; 02/103;02/041; 01/140; 01/064; 01/031 02/093 01/308
V. aestuarianus Sar1 100% 99% 99%
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Phylogenetic analyses, based on the alignment of V. aestuarianus Sar1 toxR gene with 13 sequences
representative of Vibrio species infecting oysters, were consistent with that previously observed
with other phylogenetic probes (Figure 2). V. aestuarianus Sar1 is clustered in a monophiletic clade
(Anguillarum clade) including V. aestuarianus francensis and Vibrio anguillarum. Vulnificus, Harveyi, and
Splenidus clades are also recovered in the analysis.
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Figure 2. Recovery of oysters Vibrio clades and phylogeny of V. aestuarianus Sar1 based on the toxR gene.
The evolutionary history was inferred using the neighbor-joining method. The optimal tree with the
sum of branch length = 2.93743942 is shown. The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The tree is
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree.

3. Discussion

Oyster pathogens such as OsHV-1 and Vibrio spp. are ubiquitous marine agents associated with
Crassostrea gigas severe mortalities in the field [17,20,21,24,25]. Among Vibrio species pathogenic to
oysters, V. aestuarianus has been commonly reported in mass mortality episodes, often in coinfections
with OsHV-1, worldwide [6,10]. Recently, Vibrio aestuarianus in association with Tenacibaculum soleae
have been associated with the oyster mortality outbreak in the San Teodoro lagoon [3].

Here we investigated and tentatively discuss the role of Vibrio aestuarianus, Vibrio splendidus, and
OsHV-1 in a mortality outbreak that occurred in the San Teodoro lagoon.

Initially, the presence of OsHV-1 was excluded by PCR in oyster gills and mantle, the most common
target tissues for molecular investigations. In turn, in the oysters’ digestive glands, microbiological
isolation combined with ToxR PCR demonstrated the presence of Vibrio aestuarianus and Vibrio splendidus.
Notably, the involvement of Vibrio species other than Vibrio aestuarianus and Vibrio splendidus was ruled
out by the use of dedicated PCR tests conducted on the oyster digestive gland (data not shown). These
results are consistent with what was previously reported by several authors, finding Vibrio spp. as the
most common bacteria in the digestive gland of oysters [26].

In digestive glands, hemocyte infiltration was equally observed in V. aestuarianus negative PCR
samples compared to positive samples; moreover, both positive and negative samples were more
commonly associated with a mild intensity of infiltration. The same was observed in the case of
V. splendidus. These findings suggest that the proliferation of immune cells in the oyster’s digestive
gland is not only related to the presence of V. aestuarianus and V. splendidus. It has been suggested
that the presence of immune cells in the oyster digestive gland could be physiological, because of the
functions of this organ and its continuous interaction with pathogenic and non-pathogenic microbial
agents [27,28]. Consistent with reports by other authors [29], beside Vibrio spp. we detected metazoan
parasites associated with a mild to moderate hemocyte infiltration in the oyster’s digestive gland (data
not shown). Based on these findings we postulate that the oyster digestive gland does not represent
the ideal target organ to investigate the specific role of a given pathogen during mortality episodes.
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The oyster gills and mantle are also common target tissues for investigating the presence of
Vibrio spp., both in the field and under experimental infection [6,21]. In this study, V. aestuarianus was
detected by PCR in 7.8% gills/mantle pools, whereas the presence of V. splendidus in the same tissues
was ruled out.

In gills, histology showed hemocyte infiltration in 85% V. aestuarianus PCR positive samples,
mostly with a mild degree of severity (57.1%). A statistically significant difference was observed when
comparing hemocyte infiltration in PCR positive with PCR negative samples. Tentatively, hemocyte
infiltration observed in PCR negative samples could be explained by the presence of parasites observed
by histopathology in the same tissues (data not shown). Also, gills are filtering organs continuously
exposed to microbial agents [28].

In the mantle, hemocyte infiltration was detected in 100% of V. aestuarianus PCR positive samples,
mostly showing moderate to severe hemocyte infiltration. Conversely, V. aestuarianus PCR negative
samples were mostly associated with mild hemocyte infiltration. Interestingly, highest V. aestuarianus
loads were found in oysters showing moderate to severe hemocyte infiltration in mantle sub-epithelial
connective tissue. Additionally, in V. aestuarianus positive samples, moderate to severe hemocytic
infiltration was also observed around and within hemolymphatic vessels. This is consistent with what
was reported by Parizadeh et al. [6] during an experimental infection. Therefore, we postulate that
V. aestuarianus alone could be associated with the severity of hemocyte infiltration in an oyster mantle.
This seems to be confirmed by histopathology, which showed the absence of parasites in the same
tissues. However, further investigations based on a greater number of oysters and demonstrating the
colocalization of bacteria and immune cells in damaged tissues are required to confirm this hypothesis.

Limited information is available about host colonization, transmission, pathogenicity of Vibrio spp.
in oysters. The ability of Vibrio spp. to induce disease seems to be strongly affected by environmental
factors, (i.e., temperature, salinity, and physiological factors) [10,30,31].

We report a mortality outbreak in San Teodoro lagoon during the winter season (December 2016 to
February 2017) causing the final loss of more than 80% of farmed oysters. During this season the lowest
water temperatures of the year were recorded (13 to 14 ◦C). This, according to other authors [3,6,10],
reinforces the hypothesis that interconnected factors (pathogenic bacteria and environmental factors)
may act together in synergy inducing mortality episodes. However, the influence of temperature on
V. aestuarianus and its ability to infect oysters remains underinvestigated.

Interestingly, PCR positives to V. aestuarianus overlapped oyster mortality’s time span, and this
observation, together with the absence of PCR positives to OsHV-1 and V. splendidus in the same tissues
reinforce the hypothesis that V. aestuarianus could act as the most relevant pathogen causing mortality.

The genetic similarity of Vibrio aestuarianus Sar1, as identified in this study, to Vibrio aestuarianus
subspecies francensis strains associated with different percentages of oyster mortality could be a further
indication of the pathogenicity of Vibrio aestuarianus Sar1 and suggest a continuous monitoring of the
San Teodoro lagoon farm. Phylogeny-based on the ToxR gene proved useful to assign Vibrio aestuarianus
Sar1 to the Anguillarum cluster, and to recover other clusters of Vibrio species infecting oysters. However,
evolutionary studies based on the full ToxR gene are needed to evaluate the full potential of this
phylogenetic probe.

4. Materials and Methods

4.1. Samples

Three hundred and fifty-eight samples of juvenile and adult cupped oysters, Crassostrea gigas,
were collected from October 2016 to June 2018 in the San Teodoro lagoon, one of the most devoted areas
for oyster farming in Sardinia (Italy). Oysters were collected during 18 monthly samplings, during
which water temperature and salinity were recorded.
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Oysters were sampled directly from poches and immediately transported within refrigerated
containers to the laboratory, where gross examination was carried out in order to verify the physiological
status and vitality of oysters.

Digestive glands of each specimen were specularly sectioned for bacterial isolation, PCR extraction,
and histopathological examination.

A portion of gills and a portion of mantle of each specimen were pooled for DNA extraction,
while a portion of the same tissue was individually formalin-fixed for histopathology.

4.2. Bacteriological Analysis

For microbiological isolation, digestive glands of individual oysters were sampled with a sterile
inoculation loop in aseptic conditions and seeded in brain heart infusion agar (BHI agar, Difco),
supplemented with 1.5% NaCl. After a 24 to 48 h incubation at 17 to 20 ◦C. Bacterial strains were
purified with subcultures on BHI agar until a pure culture was obtained [32].

Bacterial strains were identified using a polyphasic approach including firstly morphological and
biochemical investigations and subsequently biomolecular analysis.

Morphological evaluation was microscopically performed by Gram staining of bacterial colonies
using a commercial kit (Becton Dickinson, Le Pont-De-Claix, France). This approach allowed for the
selection of Vibrio-like strains (small Gram-negative bacteria, rod shape) from environmental strains
such as big Gram-negative rod bacteria typical of marine and brackish waters or Gram-negative sphere
bacteria. The bacterial strains, of which the morphology or staining characteristics did not correspond
with our study on oyster bacterial pathogens, were discarded.

The biochemical profile of Vibrio-like isolated strains was determined by using SIM, O/F (with
filtered seawater), oxidase and catalase tests, and the API 20 NE identification system [17]. The primary
tests for the determination of biochemical characteristics were performed according to the Manual of
Methods for General Bacteriology (American Society for Microbiology, 1981). These biochemical tests
allowed us to distinguish Vibrio spp. from other environmental strains.

4.3. DNA Extractions, Diagnostic PCRs, and Quantitative PCR

The mantle and gills were collected from each specimen (n = 358) and individually pooled. Total
DNA was extracted from the 358 pools by using the QIAamp DNA mini kit (Qiagen GmBH, Hilden,
Germany), according to manufacturer instructions. DNA was also extracted from the 376 strains
isolated from the digestive gland by using the Nexttec DNA isolation kit for Bacteria (Nexttec GmbH,
Leverkusen, Germany), according to the manufacturer’s instructions.

DNA samples obtained from mantle and gill pools were tested by PCR in order to investigate the
presence of OsHV-1. PCR was performed as previously described [33] by using C2 and C6 primers,
with minor modifications. Briefly, PCR reactions were carried out using an MJ Mini Thermal Cycler
(BioRad, Hercules, CA, USA); 25 µL PCR reaction mix volume contained 1X reaction buffer, 3 mM
MgCl2, 2 mM of each dNTP, 2 U/µL Taq polymerase (Life Technologies, Camarillo, CA, USA), 0.2
pmol/µL of each primer (MWG-Biotech, Ebersberg, Germany), 1 µL of extracted DNA and distilled
water. PCR thermal conditions were set as follows: 1 cycle of initial denaturation at 94 ◦C for 2 min;
denaturation at 94 ◦C for 30 s, primer annealing at 54 ◦C for 30 s and elongation at 72 ◦C for 1 min, the
last 3 steps were repeated 35 times; finally, the last step was 1 cycle of final elongation at 72 ◦C for
7 min. Two percent agarose gel electrophoresis (Sigma-Aldrich, St. Louis, MO, USA) with 10,000X
SYBR Safe as DNA staining (Invitrogen, Carlsbad, CA, USA), Blue Loading Buffer (Invitrogen) and 100
bp DNA Ladder (Invitrogen) and a transilluminator Safe Imager were used to highlight amplified
fragments. Images were acquired by the Photodoc system (Invitrogen).

PCR was also used to identify bacterial isolates obtained from the oyster digestive gland, and
to verify the presence of V. aestuarianus and V. splendidus in the 358 gills and mantle pools. With this
aim, primers were designed to amplify a 259 bp fragment of the V. aestuarianus gene encoding the
toxR transmembrane regulatory protein (VesToxF 5′ CAAAGAACCGGTGGTCGAGC 3′; VesToxR
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5′ ATTGTAGACAGCCAATTGCC 3′). Similarly, primers were developed for V. splendidus (VspToxF
5′ TTTGCAACGCCTACAATGAC 3′; VspToxR 5′ ATTGGCATGATGAAAGCCGC 3′). In order to
amplify both V. aestuarianus and V. splendidus from the gills and mantle the following PCR protocol
was developed: PCR reactions (25 µL) contained 1 mM MgCl2, 3 µL of Mastermix (Larova), 0.2 µM of
each primer, 1 µL of extracted DNA; cycling included 1 cycle of initial denaturation at 94 ◦C for 2 min,
30 cycles of denaturation at 94 ◦C for 20”, primer annealing at 55 ◦C for 20”, and elongation at 72 ◦C
for 20”; final elongation at 72 ◦C for 10 min.

Quantitative real-time PCR was performed on DNA extracted from gill and mantle tissue pools in
order to quantify V. aestuarianus positive samples. A PCR reaction was carried out with 25 µL reaction
mix containing 1.5 mM MgCl2, 15 µL of Crystal Taq Master (Larova), 1 µL Sybr Green, 0.2 µM of
each primer 1 µL of extracted DNA and distilled water; it was performed by using Rotor-Gene Q
(Qiagen GmbH, Germany). Thermal conditions were: 1 cycle of initial denaturation at 95 ◦C for 2 min;
denaturation at 95 ◦C for 10 s, primer annealing at 60 ◦C for 15 s and extension at 72 ◦C for 60 s, the last
3 steps were repeated 40 times; the melting curve was performed at 95 ◦C, 45 ◦C, and 95 ◦C, and the
temperature increased by increments of 1 ◦C, waiting for 5 s before each acquisition. Finally, the system
cooled down to 35 ◦C. The quantification of the samples was based on a standard curve with five
dilution points from 1.5 × 108 copies/µL stock of genomic DNA extracted from a bacterial suspension
of the reference strain (V. aestuarianus DSM 19606), used as the positive control. Real-time PCR assay
correlations with coefficient values (r2) of >0.97 and reaction efficiency of >0.90 were accepted in this
study [24,34].

4.4. Sequencing and Post-Amplification Analysis

PCR products obtained with primers VesToxF and VesToxR were cloned into the plasmid
pCR4-TOPO (Life Technologies, CA). Ligation products were subsequently used to transform One
ShotTOP10 Chemically Competent Escherichia coli (Invitrogen, Monza, Italy). Plasmid DNA was
extracted with PureLink Quick Plasmid MiniPrep Kit (Invitrogen, Monza, Italy), and automatically
sequenced (BMR Genomics, Padova, Italy). Sequences were edited with 4Peaks V 1.8 (Technelysium,
Amsterdam, The Netherlands), and aligned with ClustalW [35] to assign them to unique sequence types.
The unique sequence type obtained in this study was named V. aestuarianus Sar1, and it was checked
against the GenBank database using BLASTN [36]. V. aestuarianus Sar1 sequence was deposited in the
GenBank under accession number MT472290.

Phylogenetic analyses were performed by aligning V. aestuarianus Sar1 with a set of sequences
belonging to 13 Vibrio species that infect oysters. Evolutionary history was inferred using the
neighbor–joining method [37] implemented in MEGA7 [38]. All positions containing gaps and missing
data were eliminated. There was a total of 203 positions in the final dataset. The robustness of trees
was evaluated by bootstrapping with 1000 replicates [39]. Evolutionary distances were computed
using the Jukes–Cantor method [40] and were in units of the number of base substitutions per site.

4.5. Histological Analysis

A standard section of the oysters containing target tissues (digestive gland, gills, and mantle)
was fixed in 10% neutral buffered formalin; sections were dehydrated through alcohol and xylene,
using an automatic tissue processor, and paraffin-embedded, according to standard techniques [41].
Sections 3 µm thick were stained with Hematoxylin and Eosin (H&E) and examined with a light
microscope. A Gram stain on histological sections was also performed to provide evidence of the
presence of bacteria.

4.6. Statistical Analysis

Fisher’s exact or Chi-square (χ2) tests were used to determine the association between
histopathological and biomolecular results. Accordingly, quantitative real-time PCR values range from
102 to 103 copies/µL and greater than 104 copies/µL were categorized as low and high bacterial loads,
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respectively. All the statistical analyses, including descriptive statistics, were performed using Stata
11.2 software (StataCorp LP, College Station, TX, USA). Statistical significance was defined as p < 0.05.

5. Conclusions

In the Mediterranean area, oyster aquaculture is increasingly gaining economic importance.
Whereas several microbial species have been identified causing oyster mortality, the association of
V. aestuarianus and mortality outbreaks is still poorly investigated in the field. Currently, the main
methods for the detection of oyster pathogens are based on biomolecular and microbiological techniques.
Bivalve histopathology has recently become a crucial tool for disease diagnosis of aquatic organisms,
albeit only a few studies have focused on the importance of histopathological investigation to detect
the presence of inflammatory reaction, and tissue lesions associated to mollusk pathogens [6,21,42–47].

This study represents an effort in this direction, by combining molecular tools with
histopathological investigation on farmed oysters. This integrated approach revealed a statistical
association between hemocyte infiltration in the mantle and V. aestuarianus bacterial loads and provides
an indication of a potential role for V. aestuarianus in this oyster mortality. However, further analyses,
based on a larger number of samples and on in situ hybridization and immunohistochemistry, are
recommended to localize V. aestuarianus in tissues and to fully establish the correlation between this
pathogen and mantle damage. To conclude, results pave the way to the development of tools for the
control and management of farmed oysters and provide information useful for clarifying the role of
V. aestuarianus in oyster mortality.
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Author Contributions: Conceptualization, E.A. and A.A.; methodology, E.A. and F.S.; data curation, M.A.S.,
R.Z., and G.P.B.; software, G.P.B.; writing—original draft preparation, D.M.; writing—review and editing, E.A.,
A.A., and M.P.; validation, F.S.; supervision, A.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received partial funding from the Italian Ministry of Health (RC SA 05/15).

Acknowledgments: We thank oyster farmers of the: “Compagnia Ostricola Mediterranea di Alessandro e
Francesca, San Teodoro” who provided oysters for this project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chaney, M.L.; Gracey, A.Y. Mass mortality in Pacific oysters is associated with a specific gene expression
signature. Mol. Ecol. 2011, 20, 2942–2954. [CrossRef] [PubMed]

2. FAO. The State of World Fisheries and Aquaculture 2018—Meeting the Sustainable Development Goals; FAO: Rome,
Italy, 2018.

3. Burioli, E.A.; Varello, K.; Trancart, S.; Bozzetta, E.; Gorla, A.; Prearo, M.; Houssin, M. First description of
a mortality event in adult Pacific oysters in Italy associated with infection by a Tenacibaculum soleae strain.
J. Fish Dis. 2018, 41, 215–221. [CrossRef] [PubMed]

4. Italy—Eurofish.dk. Available online: https://www.eurofish.dk/italy (accessed on 20 February 2020).
5. Zannella, C.; Mosca, F.; Mariani, F.; Franci, G.; Folliero, V.; Galdiero, M.; Tiscar, P.G.; Galdiero, M. Microbial

Diseases of Bivalve Mollusks: Infections, Immunology and Antimicrobial Defense. Mar. Drugs 2017, 15, 182.
[CrossRef] [PubMed]

6. Parizadeh, L.; Tourbiez, D.; Garcia, C.; Haffner, P.; Dégremont, L.; Le Roux, F.; Travers, M.-A. Ecologically
realistic model of infection for exploring the host damage caused by Vibrio aestuarianus. Environ. Microbiol.
2018, 20, 4343–4355. [CrossRef]

7. Burge, C.A.; Griffin, F.J.; Friedman, C.S. Mortality and herpesvirus infections of the Pacific oyster
Crassostrea gigas in Tomales Bay, California, USA. Dis. Aquat. Org. 2006, 72, 31–43. [CrossRef] [PubMed]

http://www.mdpi.com/2076-0817/9/6/492/s1
http://dx.doi.org/10.1111/j.1365-294X.2011.05152.x
http://www.ncbi.nlm.nih.gov/pubmed/21672066
http://dx.doi.org/10.1111/jfd.12698
http://www.ncbi.nlm.nih.gov/pubmed/28836671
https://www.eurofish.dk/italy
http://dx.doi.org/10.3390/md15060182
http://www.ncbi.nlm.nih.gov/pubmed/28629124
http://dx.doi.org/10.1111/1462-2920.14350
http://dx.doi.org/10.3354/dao072031
http://www.ncbi.nlm.nih.gov/pubmed/17067071


Pathogens 2020, 9, 492 10 of 12

8. Garnier, M.; Labreuche, Y.; Garcia, C.; Robert, M.; Nicolas, J.L. Evidence for the involvement of pathogenic
bacteria in summer mortalities of the Pacific oyster Crassostrea gigas. Microb. Ecol. 2007, 53, 187–196.
[CrossRef]

9. Martenot, C.; Oden, E.; Travaillé, E.; Malas, J.-P.; Houssin, M. Detection of different variants of Ostreid
Herpesvirus 1 in the Pacific oyster, Crassostrea gigas between 2008 and 2010. Virus Res. 2011, 160, 25–31.
[CrossRef]

10. Barbosa Solomieu, V.; Renault, T.; Travers, M.-A. Mass mortality in bivalves and the intricate case of the
Pacific oyster, Crassostrea gigas. J. Invertebr. Pathol. 2015, 131, 2–10. [CrossRef]

11. Segarra, A.; Pépin, J.F.; Arzul, I.; Morga, B.; Faury, N.; Renault, T. Detection and description of a particular
Ostreid herpesvirus 1 genotype associated with massive mortality outbreaks of Pacific oysters, Crassostrea gigas,
in France in 2008. Virus Res. 2010, 153, 92–99. [CrossRef]

12. Martenot, C.; Fourour, S.; Oden, E.; Jouaux, A.; Travaillé, E.; Malas, J.P.; Houssin, M. Detection of the OsHV-1
µVar in the Pacific oyster Crassostrea gigas before 2008 in France and description of two new microvariants of
the Ostreid Herpesvirus 1 (OsHV-1). Aquaculture 2012, 338–341, 293–296. [CrossRef]

13. Arzul, I.; Renault, T.; Thébault, A.; Gérard, A. Detection of oyster herpesvirus DNA and proteins in
asymptomatic Crassostrea gigas adults. Virus Res. 2002, 84, 151–160. [CrossRef]

14. EFSA AHAW Panel (EFSA Panel on Animal Health and Welfare). Scientific opinion on oyster mortality.
EFSA J. 2018, 13, 4122. [CrossRef]

15. Bruto, M.; James, A.; Petton, B.; Labreuche, Y.; Chenivesse, S.; Alunno-Bruscia, M.; Polz, M.F.; Le Roux, F.
Vibrio crassostreae, a benign oyster colonizer turned into a pathogen after plasmid acquisition. ISME J. 2017,
11, 1043–1052. [CrossRef] [PubMed]

16. Garcia, C.; Arzul, I.; Chollet, B.; Robert, M.; Omne, S.E.; Ferrand, S.; Faury, N.; Tourbiez, D.; Haffner, P.;
Miossec, L.; et al. Vibrio aestuarianus and Pacific Oysters Crassostrea gigas Mortality in France: A New Chapter
in Their Relation. In Proceedings of the National Shellfish Association Conference, Jacksonville, FL, USA,
29 March–2 April 2014.

17. Garnier, M.; Labreuche, Y.; Nicolas, J.-L. Molecular and phenotypic characterization of Vibrio aestuarianus
subsp. francensis subsp. nov., a pathogen of the oyster Crassostrea gigas. Syst. Appl. Microbiol. 2008, 31,
358–365. [CrossRef]

18. Travers, M.-A.; Boettcher Miller, K.; Roque, A.; Friedman, C.S. Bacterial diseases in marine bivalves.
J. Invertebr. Pathol. 2015, 131, 11–31. [CrossRef]

19. Travers, M.-A.; Tourbiez, D.; Parizadeh, L.; Haffner, P.; Kozic-Djellouli, A.; Aboubaker, M.; Koken, M.;
Dégremont, L.; Lupo, C. Several strains, one disease: Experimental investigation of Vibrio aestuarianus
infection parameters in the Pacific oyster, Crassostrea gigas. Vet. Res. 2017, 48, 32. [CrossRef]

20. Domeneghetti, S.; Varotto, L.; Civettini, M.; Rosani, U.; Stauder, M.; Pretto, T.; Pezzati, E.; Arcangeli, G.;
Turolla, E.; Pallavicini, A.; et al. Mortality occurrence and pathogen detection in Crassostrea gigas and
Mytilus galloprovincialis close-growing in shallow waters (Goro lagoon, Italy). Fish Shellfish Immunol. 2014, 41,
37–44. [CrossRef]

21. Gay, M.; Renault, T.; Pons, A.-M.; Le Roux, F. Two Vibrio splendidus related strains collaborate to kill
Crassostrea gigas: Taxonomy and host alterations. Dis. Aquat. Org. 2004, 62, 65–74. [CrossRef]

22. De Vico, G.; Carella, F. Morphological features of the inflammatory response in molluscs. Res. Vet. Sci. 2012,
93, 1109–1115. [CrossRef]

23. Carella, F.; Feist, S.W.; Bignell, J.P.; De Vico, G. Comparative pathology in bivalves: Aetiological agents and
disease processes. J. Invertebr. Pathol. 2015, 131, 107–120. [CrossRef]

24. Saulnier, D.; De Decker, S.; Haffner, P. Real-time PCR assay for rapid detection and quantification of
Vibrio aestuarianus in oyster and seawater: A useful tool for epidemiologic studies. J. Microbiol. Methods 2009,
77, 191–197. [CrossRef] [PubMed]

25. Petton, B.; Bruto, M.; James, A.; Labreuche, Y.; Alunno-Bruscia, M.; Le Roux, F. Crassostrea gigas mortality in
France: The usual suspect, a herpes virus, may not be the killer in this polymicrobial opportunistic disease.
Front. Microbiol. 2015, 6, 686. [CrossRef] [PubMed]

26. Hernández-Zárate, G.; Olmos-Soto, J. Identification of bacterial diversity in the oyster Crassostrea gigas by
fluorescent in situ hybridization and polymerase chain reaction. J. Appl. Microbiol. 2006, 100, 664–672.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00248-006-9061-9
http://dx.doi.org/10.1016/j.virusres.2011.04.012
http://dx.doi.org/10.1016/j.jip.2015.07.011
http://dx.doi.org/10.1016/j.virusres.2010.07.011
http://dx.doi.org/10.1016/j.aquaculture.2011.12.030
http://dx.doi.org/10.1016/S0168-1702(02)00007-2
http://dx.doi.org/10.2903/j.efsa.2015.4122
http://dx.doi.org/10.1038/ismej.2016.162
http://www.ncbi.nlm.nih.gov/pubmed/27922600
http://dx.doi.org/10.1016/j.syapm.2008.06.003
http://dx.doi.org/10.1016/j.jip.2015.07.010
http://dx.doi.org/10.1186/s13567-017-0438-1
http://dx.doi.org/10.1016/j.fsi.2014.05.023
http://dx.doi.org/10.3354/dao062065
http://dx.doi.org/10.1016/j.rvsc.2012.03.014
http://dx.doi.org/10.1016/j.jip.2015.07.012
http://dx.doi.org/10.1016/j.mimet.2009.01.021
http://www.ncbi.nlm.nih.gov/pubmed/19318049
http://dx.doi.org/10.3389/fmicb.2015.00686
http://www.ncbi.nlm.nih.gov/pubmed/26217318
http://dx.doi.org/10.1111/j.1365-2672.2005.02800.x
http://www.ncbi.nlm.nih.gov/pubmed/16553721


Pathogens 2020, 9, 492 11 of 12

27. Gold-Bouchot, G.; Zapata-Pérez, O.; Ceja-Moreno, V.; Rodríguez-Fuentes, G.; Simá-Alvarez, R.;
Aguirre-Macedo, M.L.; Vidal-Martínez, V.M. Biological effects of environmental pollutants in American
Oyster, Crassostrea virginica: A field study in Laguna de Terminos, Mexico. Int. J. Environ. Health 2007, 1,
171–184. [CrossRef]

28. Schmitt, P.; Rosa, R.D.; Duperthuy, M.; de Lorgeril, J.; Bachère, E.; Destoumieux-Garzón, D. The Antimicrobial
Defense of the Pacific Oyster, Crassostrea gigas. How Diversity may Compensate for Scarcity in the Regulation
of Resident/Pathogenic Microflora. Front. Microbiol. 2012, 3, 160. [CrossRef]

29. Lassudrie, M.; Wikfors, G.H.; Sunila, I.; Alix, J.H.; Dixon, M.S.; Combot, D.; Soudant, P.; Fabioux, C.;
Hégaret, H. Physiological and pathological changes in the eastern oyster Crassostrea virginica infested with
the trematode Bucephalus sp. and exposed to the toxic dinoflagellate Alexandrium fundyense. J. Invertebr. Pathol.
2015, 126, 51–63. [CrossRef]

30. De Decker, S.; Normand, J.; Saulnier, D.; Pernet, F.; Castagnet, S.; Boudry, P. Responses of diploid and triploid
Pacific oysters Crassostrea gigas to Vibrio infection in relation to their reproductive status. J. Invertebr. Pathol.
2011, 106, 179–191. [CrossRef]

31. Vezzulli, L.; Pezzati, E.; Stauder, M.; Stagnaro, L.; Venier, P.; Pruzzo, C. Aquatic ecology of the oyster
pathogens Vibrio splendidus and Vibrio aestuarianus. Environ. Microbiol. 2015, 17, 1065–1080. [CrossRef]

32. Colwell, R.R.; Liston, J. Microbiology of shellfish. Bacteriological study of the natural flora of Pacific oysters
(Crassostrea gigas). Appl. Microbiol. 1960, 8, 104–109. [CrossRef]

33. Renault, T.; Arzul, I. Herpes-like virus infections in hatchery-reared bivalve larvae in Europe: Specific viral
DNA detection by PCR. J. Fish Dis. 2001, 24, 161–167. [CrossRef]

34. Takahashi, H.; Hara-Kudo, Y.; Miyasaka, J.; Kumagai, S.; Konuma, H. Development of a quantitative real-time
polymerase chain reaction targeted to the toxR for detection of Vibrio vulnificus. J. Microbiol. Methods 2005, 61,
77–85. [CrossRef] [PubMed]

35. Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.;
Wallace, I.M.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23,
2947–2948. [CrossRef]

36. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol.
1990, 215, 403–410. [CrossRef]

37. Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees.
Mol. Biol. Evol. 1987, 4, 406–425. [PubMed]

38. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]

39. Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39,
783–791. [CrossRef] [PubMed]

40. Jukes, T.H.; Cantor, C.R. Evolution of protein molecules. In Mammalian Protein Metabolism; Munro, H.N., Ed.;
Academic Press: New York, NY, USA, 1969; pp. 21–132.

41. Mazzi, V. Manuale di Tecniche Istologiche e Istochimiche, 1st ed.; Piccin: Padua, Italy, 1977.
42. Renault, T.; Le Deuff, R.M.; Chollet, B.; Cochennec, N.; Gérard, A. Concomitant herpes-like virus infections

in hatchery-reared larvae and nursery-cultured spat Crassostrea gigas and Ostrea edulis. Dis. Aquat. Org. 2000,
42, 173–183. [CrossRef]

43. Friedman, C.S.; Estes, R.M.; Stokes, N.A.; Burge, C.A.; Hargove, J.S.; Barber, B.J.; Elston, R.A.; Burreson, E.M.;
Reece, K.S. Herpes virus in juvenile Pacific oysters Crassostrea gigas from Tomales Bay, California, coincides
with summer mortality episodes. Dis. Aquat. Org. 2005, 63, 33–41. [CrossRef]

44. Cuevas, N.; Zorita, I.; Costa, P.M.; Franco, J.; Larreta, J. Development of histopathological indices in the
digestive gland and gonad of mussels: Integration with contamination levels and effects of confounding
factors. Aquat. Toxicol. 2015, 162, 152–164. [CrossRef]

45. López Sanmartín, M.; Power, D.M.; de la Herrán, R.; Navas, J.I.; Batista, F.M. Experimental infection of
European flat oyster Ostrea edulis with ostreid herpesvirus 1 microvar (OsHV-1µvar): Mortality, viral load
and detection of viral transcripts by in situ hybridization. Virus Res. 2016, 217, 55–62. [CrossRef]

http://dx.doi.org/10.1504/IJENVH.2007.014630
http://dx.doi.org/10.3389/fmicb.2012.00160
http://dx.doi.org/10.1016/j.jip.2015.01.011
http://dx.doi.org/10.1016/j.jip.2010.09.003
http://dx.doi.org/10.1111/1462-2920.12484
http://dx.doi.org/10.1128/AEM.8.2.104-109.1960
http://dx.doi.org/10.1046/j.1365-2761.2001.00282.x
http://dx.doi.org/10.1016/j.mimet.2004.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15676198
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/3447015
http://dx.doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://dx.doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://www.ncbi.nlm.nih.gov/pubmed/28561359
http://dx.doi.org/10.3354/dao042173
http://dx.doi.org/10.3354/dao063033
http://dx.doi.org/10.1016/j.aquatox.2015.03.011
http://dx.doi.org/10.1016/j.virusres.2016.01.023


Pathogens 2020, 9, 492 12 of 12

46. Martenot, C.; Segarra, A.; Baillon, L.; Faury, N.; Houssin, M.; Renault, T. In situ localization and tissue
distribution of ostreid herpesvirus 1 proteins in infected Pacific oyster, Crassostrea gigas. J. Invertebr. Pathol.
2016, 136, 124–135. [CrossRef] [PubMed]

47. Carella, F.; Aceto, S.; Mangoni, O.; Mollica, M.P.; Cavaliere, G.; Trinchese, G.; Aniello, F.; De Vico, G.
Assessment of the Health Status of Mussels Mytilus galloprovincialis Along the Campania Coastal Areas:
A Multidisciplinary Approach. Front. Physiol. 2018, 9, 683. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jip.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27066775
http://dx.doi.org/10.3389/fphys.2018.00683
http://www.ncbi.nlm.nih.gov/pubmed/29946265
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Samples 
	Bacteriological Analysis 
	DNA Extractions, Diagnostic PCRs, and Quantitative PCR 
	Sequencing and Post-Amplification Analysis 
	Histological Analysis 
	Statistical Analysis 

	Conclusions 
	References

