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Abstract: In mariculture facilities, bacterial infections pose significant production challenges, with
potentially catastrophic impacts on fish species. Bacterial co-infections are a widespread phenomenon
in the natural marine environment, although their impact on aquatic organisms remains poorly
investigated. This study aimed to detail the pathological findings associated with a natural bacterial
co-infection caused by three different pathogens, namely Photobacterium damselae subsp. piscicida,
Tenacibaculum maritimum and Vibrio sp., as the cause of mass mortality in European sea bass. The fish
had been reared in open-net cages in Sicily and later transferred for experimental research purposes
to a user establishment after immunization with an inactivated vaccine. Macroscopic, cytological
and histopathological examinations were performed on 109 animals, and bacterial species were
identified by the 16S rRNA gene. Overall, ulcerative skin lesions, necrotizing myositis and tail rot
with occasional tail loss were associated with tenacibaculosis and vibriosis, while P. damselae subsp.
piscicida mainly caused granulomatous inflammation in the spleen and head kidney. Finally, an
injection site reaction due to the oil-adjuvanted vaccine administered intraperitoneally was observed
in the abdominal fat. Understanding the impact of bacterial pathogens is essential to manage the
health and welfare of farmed fish, and the importance of a good health monitoring program cannot be
overstated to avoid outbreaks and the possible emergence of new pathogens due to the intensification
of the production systems, antibiotic resistance and climate changes. The study would also highlight
the importance of the quarantine period when animals supplied for research come from aquaculture
farms and how the main goal in the near future should be to better define the procedures to provide
completely pathogen-free animals.

Keywords: European sea bass; co-infections; Dicentrarchus labrax; Vibrio sp.; Tenacibaculum maritimum;
Photobacterium damselae subsp. piscicida

Key Contribution: The present study details the pathological findings associated with a natural
bacterial co-infection in European sea bass in Sicily. The findings would spur a better understanding
of the potential biological risks affecting non-pathogen-free animals, especially when considering
aquaculture as a source of fish species to be enrolled in experimental studies.
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1. Introduction
European sea bass (Dicentrarchus labrax, Linnaeus 1758) is a marine fish species of

considerable importance in the European aquaculture sector, with significant economic,
commercial and cultural value. In recent decades, the European sea bass aquaculture
industry has experienced exponential growth, representing one of the most important
farmed fish species today, with Turkey being the main producer [1,2]. Indeed, based on the
2020 report of the Federation of Greek Maricultures (FMG), European sea bass production
represents almost 25% of the total European aquaculture production volume [3]. However,
due to high production levels and high population densities under farmed conditions,
the European sea bass is highly susceptible to several infectious diseases, which have a
significant impact on overall commercial production [4–7].

In the aquaculture industry, bacterial infections alone pose significant challenges to
production and have been found to kill over 10% of all farmed aquatic animal species [8]. In
contrast, viral agents and parasitic infestations have a lower impact than bacterial diseases
in sea bass, resulting in considerably lower economic losses [9]. Among bacteria, Vibrio spp.
are ubiquitous members of the marine environment, representing important pathogens
that severely affect the development of fish farming [10,11]. In particular, vibriosis still
represents a major threat with a significant economic impact in the European sea bass
aquaculture sector, being responsible alone for high morbidity and mortality rates [12].
Several Vibrio species have been isolated in seabass infections (e.g., V. anguillarum; V.
parahaemolyticus; V. harvey; V. alginolyticus; V. vulnificus; and V. ordalii) [13], and while V.
anguillarum has been recognized for decades as the major pathogen responsible for vibriosis
in sea bass [14], V. harvey has recently emerged as a major concern for seabass aquaculture
in the Mediterranean [12,15] and is currently also reported as a common bacterial species
in Asian sea bass farmed in open net-cages [12,16,17]. In addition, several other bacteria
are widespread in marine ecosystems with significant impacts on overall aquaculture
productivity, including Tenacibaculum maritimum, Aeromonas veronii, Mycobacterium marinum
and Photobacterium damselae subsp. piscicida [18–20]. In the natural marine environment,
bacterial co-infections are a widespread phenomenon and result from the invasion of
multiple pathogens into a single host through simultaneous or secondary infections [5]. In
the marine ecosystem, fish commonly encounter several distinct opportunistic pathogens;
those with a broader host range are more likely to locate suitable hosts than single-host
specific pathogens, and concomitant infections can significantly alter the progression and
severity of the disease, resulting in increased economic losses [5,21].

The European sea bass is a fish species commonly used for experimental research [18,22].
Directive 2010/63/EU established measures to protect animals used for scientific purposes,
also including other fishes and cephalopods, together with the commonly used zebrafish
as aquatic model organisms. However, the European sea bass is not included in Annex
1 of Article 10 of the Directive 2010/63/EU, which lists all animal species that may only
be used in research procedures where those animals have been bred for use in those pro-
cedures. Specifically, the only fish species mentioned in Annex I is the zebrafish (Danio
rerio), which is widely used as a model for human diseases in experimental trials due to its
genes and gene structures being related to orthologous human ones [23]. Conversely, other
fish species that can be used for research purposes may, by way of derogation to Annex I,
originate from aquaculture farms. Therefore, health monitoring in aquaculture facilities,
especially for animals intended for research, is essential, since infectious diseases have a
catastrophic effect on the results of experimental studies, including the risk of sacrificing
animals that could not provide the expected results for the purposes of the experiment [18].
Indeed, one of the main objectives in defining the procedures is to continue working to
have and provide completely pathogen-free animals [24]. In European sea bass aquaculture,
strategies for the prevention of infectious diseases include the application of biosecurity
measures, vaccination and the use of probiotics and immunostimulants. In particular,
immunization is currently one of the crucial methods for preventing the onset of bacterial
diseases in aquaculture species and represents the most effective alternative to the use of
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antibiotic drugs [25–29]. Moreover, intraperitoneal vaccination of juvenile sea bass is a
widespread method for disease prevention in farmed animals, with commercially available
products predominantly featuring an oil-adjuvanted antigen formulation [7]. Furthermore,
significant progress has been made in recent years in breeding programs aimed at improv-
ing genetic resistance to common pathogens in European sea bass aquaculture, with the
aim of reducing mortality rates and improving overall productivity in the near future [30].

In this study, we primarily aimed to describe the macroscopic and histopathological
findings of a natural bacterial co-infection with Photobacterium damselae subsp. piscicida,
Tenacibaculum maritimum and Vibrio sp. as a cause of mass mortality in European sea bass
(Dicentrarchus labrax) reared in open-net cages in Sicily (Sothern Italy) and received for
experimental research purposes. The impact of co-infections in aquatic animals remains
poorly studied and effective monitoring of the health status of fish species aims to min-
imize the impact of pathologies on experimental trials and to ensure the reliability and
reproducibility of research results [5]. To the best of the authors’ knowledge, this study
documents, for the first time, a case of mass mortality in European sea bass caused by
co-infections of three different bacterial pathogens. Co-infection involving Photobacterium
damselae and other pathogens is occasional, with co-infection with V. harveyi reported in
spotted sea bass and in cobia (Rachycentron canadum) in Asia [31,32], and one suspected
case of co-infection of P. damselae subsp. piscicida, Ureaplasma spp. and Actinomyces-like
organisms observed in a bottlenose dolphin (Tursiops truncatus) [33].

2. Materials and Methods
2.1. Animals and Clinical Signs

One thousand European sea bass (Dicentrarchus labrax) specimens were purchased
from an aquaculture farm in Sicily, Southern Italy, and transported to the Institute for
Comparative, Experimental, Forensic, and Aquatic Pathology “Slavko Bambir”, at the
Department of Chemical, Biological, Pharmaceutical, and Environmental Sciences of the
University of Messina. The fish were transferred using a refrigerated truck equipped with
tanks filled with marine water supplied by an air pump, at T 25 →C, salinity 1035 and DO
6 mg/L. Upon arrival at the university facility, the fish were placed in quarantine 400 L
tanks at 19–20 →C, salinity 33‰, pH 8.0 and dissolved oxygen (DO) 7 mg/L. The animals
were fed twice a day with commercial feed (Skretting, Italy) at 1.5% of body weight and
maintained in a 12 h light/dark cycle.

During the quarantine period, most fish showed several nonspecific clinical signs,
including inappropriate swimming behavior, with difficulties in coordination, anorexia and
apathy. External examination also revealed ulcerative skin lesions and tail rot, often with
tail loss. Fish showing severe clinical signs and gross lesions were humanely euthanized
for health monitoring purposes using a lethal dose of MS-222 (0.7 mL/L) following spinal
transection and sampled for further diagnostic investigations.

2.2. Postmortem Investigation
Postmortem examination was performed on a representative number of specimens

(109 out of 1000) showing clinical signs and macroscopic skin lesions. In particular, all
fish underwent a complete macroscopic examination and morphometric parameters (e.g.,
body weight [BW] and total length [TL]) were recorded for each animal. Bacteriology was
performed on 15 fish out of 109, sampling gross lesions observed during necropsy in the
skin/skeletal muscle, spleen and head kidney. Cytological preparations were obtained, and
representative portions of each organ were sampled and either fixed in 10% neutral buffered
formalin for histopathology or frozen at ↑80 →C for further molecular investigations.

2.3. Pathological Examination
Cytological preparations, including blood smears, impression smears and cell scraping

were obtained from skin ulcerative lesions and representative organs (e.g., gills and organs
of coelomic cavity). A fresh examination was performed on some of them, putting a drop
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of water, to exclude the presence of ectoparasites. The other cytological preparations were
air-dried and routinely stained using May Grunwald–Giemsa quick stain (Bio-Optica;
Milano, Italy).

All tissues after necropsy were fixed in 10% neutral buffered formalin, washed in tap
water and routinely processed for histology. Three µm thick tissue sections were stained
with hematoxylin and eosin (HE). Ziehl–Neelsen and Gram stains were performed on 4 µm
thick tissue sections. Cytological preparations and histological slides were visualized using
a Leica DM6B microscope (Leica Camera, Wetzlar, Germany); the Leica Application Suite X
software (version 1.4.6.110) and Leica DFC 7000 T were used for image acquisition.

2.4. Microbiology
Bacteriology was performed on 15 animals by sampling lesions of the spleen, head

kidney and skin/skeletal muscle observed during necropsy. Isolation procedures were
performed on freshly harvested fish. Briefly, samples were collected by rubbing sterile
swabs on the skin ulcers, spleen and head kidney, after an incision with a sterile blade.
Swabs were then streaked on Blood Agar (BA) (Biolife, Milan, Italy) and Flexibacter mar-
itimus medium (FMM) (Biolife, Milan, Italy). Plates were incubated aerobically at 28 →C for
72 h. A representative number of colonies were then individually subcultured on plates of
the same medium and incubated at 28 →C for 48 h until pure isolates were obtained. Finally,
a Gram stain was performed.

2.5. Molecular Analysis
Genomic DNA from bacterial isolates was obtained using the GeneJET Genomic DNA

Purification Kit (Catalog number: K0721; Thermo Scientific, Milan, Italy), following the
manufacturer’s instructions.

The 16S rRNA gene was amplified using the primer set 27F (5↓-AGAGTTTGATCMTG-
GCTCAG-3↓) and 1492R (5↓-TACGGYTACCTTGTTACGACTT-3↓). PCR was performed
using GoTaq® Colorless Master Mix (Promega, Madison, WI, USA) in a final volume of
50 µL. The cycling conditions were set as follows: initial denaturation at 95 →C for 5 min,
35 cycles of denaturation at 95 →C for 45 s, annealing at 55 →C for 45 s, elongation at 72 →C
for 60 s and a final extension step at 72 →C for 5 min [34–36]. PCR-amplified products
were assessed on a 1.5% (w/v) agarose gel, and the concentration of nuclei acids (DNA)
and purity were measured using the Nanodrop Spectrophotometer (NanoPhotometer N50,
IMPLEN, Westlake Village, CA 91362, USA).

DNA sequencing of the purified fragments was performed by Genechron (Rome, Italy)
using the same forward and reverse primers in both directions. Sequence alignments were
performed using the ClustalW algorithm (https://www.genome.jp/tools-bin/clustalw;
accessed on 10 September 2024). Sequences were analyzed using the Basic Local Alignment
Search Tool (BLAST, http://blast.ncbi.nlm.nih.gov/) for similarity searches against the
National Center for Biotechnology Information (NCBI; https://blast.ncbi.nlm.nih.gov/
Blast.cgi) database to calculate the statistical significance of the matches.

3. Results
3.1. Study Population and Gross Pathological Findings

A complete gross and histopathological evaluation was performed on 109 sea bass spec-
imens (body weight: 23.45 ± 6.77 g [mean ± standard deviation]; length: 11.15 ± 1.54 cm).
On gross examination, severe, multifocal ulcerative dermatitis was evident in all necropsied
animals, involving the skin and reaching also the deeper layers, including the skeletal
muscles, and producing an extensive ulcerative and necrotizing myositis. The ulcerative
lesions were mostly located on the lateral side of the body and on the tail, and occasionally,
disseminated cutaneous hemorrhages were observed throughout the fish body. In the most
severe cases, the tail was completely absent due to the deep ulcerative lesions (Figure 1).

https://www.genome.jp/tools-bin/clustalw
http://blast.ncbi.nlm.nih.gov/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Figure 2. Coelomic cavity. Numerous brownish to yellowish nodules multifocally observed within 
the mesentery abdominal fat. 

Splenomegaly was  evident  in most  of  the diseased  animals, with  granulomatous 
splenitis occasionally observed on gross examination (Figure 3). Mild and diffuse hepatic 
lipidosis was  evident  in  all  the  fish  (Figure  3),  and most  animals  had  overdistended 
gallbladders filled with abundant bile. Finally, most of the animals showed a moderate 
and diffuse cerebral congestion.   

Figure 1. Macroscopic skin lesions. Severe and deep skin ulceration, mainly located on the flank and
tail, also involving the deep skeletal muscle. In some cases, complete tail loss was evident.

On examination of the coelomic cavity, numerous brownish/reddish to yellowish
nodules (1–5 mm) were observed in the mesentery abdominal fat in most of the animals,
compatible with a granulomatous inflammatory process (Figure 2).
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Figure 2. Coelomic cavity. Numerous brownish to yellowish nodules multifocally observed within
the mesentery abdominal fat.

Splenomegaly was evident in most of the diseased animals, with granulomatous
splenitis occasionally observed on gross examination (Figure 3). Mild and diffuse hepatic
lipidosis was evident in all the fish (Figure 3), and most animals had overdistended gall-
bladders filled with abundant bile. Finally, most of the animals showed a moderate and
diffuse cerebral congestion.
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Figure 3. Coelomic cavity. Splenomegaly was evident in most of the diseased sea bass, with occasional
granulomatous lesions (with inset) observed on gross examination.

3.2. Cytology
Cytological preparations obtained from ulcerative cutaneous lesions showed a mix-

ture of inflammatory cells with low numbers of necrotic tissue cells. Neutrophils were the
predominant inflammatory cell type (>50%), with many of them degenerated. Other inflam-
matory cell populations included macrophages (>30%), often with large foamy cytoplasm,
and lymphocytes (20%), especially small lymphocytes. Bacterial aggregates with varying
morphology were evident both extracellularly among the inflammatory cells and often
found phagocytized within neutrophils, or occasionally within macrophages. Most mi-
croorganisms were long (0.7 µm ↔ 2.1–7.2 µm), slender, filamentous rods, showing varying
lengths based on different stages of cohesion between organisms and strongly suggestive
of the species Tenacibaculum maritimum (Figure 4a). A second bacterial population was
observed, as phagocyted bacterial rods or scattered extracellular bipolar bacterial rods,
0.7–1.4 ↔ 1.3–4.0 µm, referable to the species Photobacterium damselae. These bipolar bacteria
were also observed in cytological preparations obtained from the head kidney and spleen,
and in blood smears (Figure 4b).

In addition to bacterial rods, impression smears obtained from macroscopic lesions
of the spleen and head kidney showed and admixture of inflammatory cells, with a pre-
dominance of macrophages (>80%), fewer lymphocytes and occasional neutrophils. Finally,
occasional curved rod-shaped (comma shape) bacteria (1.5 ↔ 0.2–0.4 µm) suggestive of
Vibrio spp. were observed in blood smears or skin cytological impressions (Figure 4a).
Impression smears of the liver revealed most of the hepatocytes with large portions of the
cytoplasm completely occupied by a single large optic empty vacuole, with peripheral
displacement of the nucleus (macrovesicular lipidosis) and with scattered interspersed
macrophages and lymphocytes.
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Figure 4. Representative cytological preparations: (a) Long, thin, filamentous rods suggestive of the
species Tenacibaculum maritimum and scattered comma-shaped bacteria suggestive of Vibrio spp. evi-
dent extracellularly among the inflammatory cells and often found phagocytized within macrophages;
skin, impression smear. (b) Bipolar bacterial rods suggestive of the species Photobacterium damselae;
Head kidney, impression smear.

3.3. Histopathology
3.3.1. Scaled Skin and Skeletal Muscle

Scaled skin was characterized by extensive ulceration and necrosis of the epider-
mis, with exposition of the underling dermis and/or hypodermis. A severe, multifocal,
necrotizing myositis was observed in the skeletal muscle underlying the cutaneous le-
sions with lesions ranging from acute to subacute. Multifocally, the endomysium and
perimysium were enlarged by extensive edema, occasional hemorrhages and a moderate
inflammatory cell infiltrate, mainly composed of macrophages and neutrophils, with fewer
lymphocytes and plasma cells. In most cases, 50–60% of the myofibers were characterized
by monophasic necrotic changes, showing intensely eosinophilic sarcoplasm with loss
of cross-striation, occasional disrupted sarcolemma and karyorrhectic or pyknotic nuclei
(coagulative–colliquative necrosis). In some fish, polyphasic reactions were observed with
multifocal dystrophic mineralization and occasional muscle regeneration, together with
mild to moderate fibrosis. Scattered throughout the myofibers, there were aggregates of
multiple, 1–2 microns in diameter, round to rod-shaped basophilic bacterial aggregates
(Figure 5).

Fishes 2024, 9, 360  7  of  16 
 

 

macrophages;  skin,  impression  smear.  (b)  Bipolar  bacterial  rods  suggestive  of  the  species 
Photobacterium damselae; Head kidney, impression smear. 

In addition to bacterial rods, impression smears obtained from macroscopic lesions 
of  the  spleen  and  head  kidney  showed  and  admixture  of  inflammatory  cells, with  a 
predominance of macrophages  (>80%),  fewer  lymphocytes and occasional neutrophils. 
Finally,  occasional  curved  rod-shaped  (comma  shape)  bacteria  (1.5  ×  0.2–0.4  µm) 
suggestive of Vibrio spp. were observed in blood smears or skin cytological impressions 
(Figure 4a). Impression smears of the liver revealed most of the hepatocytes with  large 
portions of the cytoplasm completely occupied by a single large optic empty vacuole, with 
peripheral  displacement  of  the  nucleus  (macrovesicular  lipidosis)  and with  scattered 
interspersed macrophages and lymphocytes.   

3.3. Histopathology 
3.3.1. Scaled Skin and Skeletal Muscle   

Scaled skin was characterized by extensive ulceration and necrosis of the epidermis, 
with  exposition  of  the  underling  dermis  and/or  hypodermis.  A  severe,  multifocal, 
necrotizing myositis was observed in the skeletal muscle underlying the cutaneous lesions 
with  lesions  ranging  from  acute  to  subacute.  Multifocally,  the  endomysium  and 
perimysium were enlarged by extensive edema, occasional hemorrhages and a moderate 
inflammatory  cell  infiltrate, mainly  composed  of macrophages  and  neutrophils, with 
fewer  lymphocytes  and  plasma  cells.  In  most  cases,  50–60%  of  the  myofibers  were 
characterized  by  monophasic  necrotic  changes,  showing  intensely  eosinophilic 
sarcoplasm  with  loss  of  cross-striation,  occasional  disrupted  sarcolemma  and 
karyorrhectic  or  pyknotic  nuclei  (coagulative–colliquative  necrosis).  In  some  fish, 
polyphasic  reactions  were  observed  with  multifocal  dystrophic  mineralization  and 
occasional  muscle  regeneration,  together  with  mild  to  moderate  fibrosis.  Scattered 
throughout  the myofibers,  there were aggregates of multiple, 1–2 microns  in diameter, 
round to rod-shaped basophilic bacterial aggregates (Figure 5).   

   
(a)  (b) 

Figure  5.  Representative  histopathology  of muscle  lesions:  (a)  severe, multifocal  to  coalescent, 
subacute,  necrotizing,  neutrophilic  and  histiocytic myositis;  and  (b)  extensive  coagulative  and 
colliquative myonecrosis. 

3.3.2. Spleen 
In  most  of  the  diseased  European  sea  bass,  a  moderate  to  severe,  multifocal 

granulomatous splenitis was observed, with often well-defined granulomas. In particular, 
the  splenic  parenchyma was  enlarged  by  abundant  aggregates  of macrophages with 
cytoplasm  laden  with  abundant  cellular  debris  or  containing  phagocyted  basophilic 
bacteria and melano-macrophages arranged  in clusters or  loosely dispersed within  the 
white pulp. Macrophages were admixed with moderate numbers of  lymphocytes and 

Figure 5. Representative histopathology of muscle lesions: (a) severe, multifocal to coalescent,
subacute, necrotizing, neutrophilic and histiocytic myositis; and (b) extensive coagulative and
colliquative myonecrosis.



Fishes 2024, 9, 360 8 of 16

3.3.2. Spleen
In most of the diseased European sea bass, a moderate to severe, multifocal granu-

lomatous splenitis was observed, with often well-defined granulomas. In particular, the
splenic parenchyma was enlarged by abundant aggregates of macrophages with cytoplasm
laden with abundant cellular debris or containing phagocyted basophilic bacteria and
melano-macrophages arranged in clusters or loosely dispersed within the white pulp.
Macrophages were admixed with moderate numbers of lymphocytes and multifocally
embedded in abundant eosinophilic, necrotic cellular debris. Multifocal hemorrhages were
occasionally observed (Figure 6).
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Figure 6. Representative histopathology of splenic lesions: (a) Multifocally, the splenic parenchyma
was enlarged by abundant aggregates of macrophages with cytoplasm laden with cellular debris
or containing phagocyted basophilic bacteria. (b) Higher magnification of macrophages laden with
abundant basophilic rods, occasionally found extracellularly.

All splenic granulomas were Ziehl–Neelsen negative, showing the presence of Gram-
negative intralesional bacteria.

3.3.3. Head Kidney
In most cases, markedly expanding and replacing the parenchyma were multifocal

macrophage aggregates, often with large foamy cytoplasm (foamy macrophages) or with
large, eosinophilic cytoplasm (epithelioid macrophages), or were macrophages laden with
yellowish-brownish granular pigments (hemosiderin-ceroid). Scattered Gram-negative rod-
shaped bacteria were observed among macrophages or intercellularly. Moderate numbers
of lymphocytes and occasional plasma cells were also observed, embedded in a variable
amount of eosinophilic cellular debris. Occasionally, some fish showed more chronic lesions
with well-defined granulomas (Figure 7), negative with the Ziehl–Neelsen stain.
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3.3.4. Abdominal Mesentery Fat
The interlobular connective tissue septa were multifocally expanded by numerous

optic empty vacuoles (oil droplets) with an even margin and found in the center of loose
granulomas, or infiltrated by large, nodular aggregates of foamy macrophages, also infil-
trated between the fat lobules, and characterized by a large cytoplasm filled with abundant
blue-grey foreign material (vaccine product) also found free extracellularly. Moderate
numbers of lymphocytes and plasma cells were also observed, together with mild fibrosis
and multifocal coagulative necrosis of the adipocytes. The abundant blue-grey foreign ma-
terial within macrophages, together with oil droplets in the context of the granulomatous
inflammation, has been interpreted as an injection site reaction due to the intraperitoneally
administered oil-adjuvanted vaccine.

3.3.5. Liver
Diffusely, hepatocytes were characterized by a large cytoplasm filled with a single optic

empty vacuole, with peripheral displacement of the nucleus (macrovesicular lipidosis).
Occasionally, multifocal single cell necrosis was observed together with mild infiltration of
lymphocytes and macrophages. The liver was diffusely and moderately congested.

3.4. Isolation and Identification of the Bacterial Pathogens
After incubation of the plates at 28 →C for 72 h, colonies were subcultured individually

and incubated at 28 →C for 48 h until pure isolates were obtained. Following these pro-
cedures, three pure Gram-negative isolates with distinct morphological and colony size
characteristics were obtained from naturally infected European sea bass.

Tenacibaculum maritimum bacteria cultured on FMM (48 h, 28 →C) formed round colonies
with irregular edges and a yellowish color and were mainly isolated from the skin/skeletal
muscle and spleen. Vibrio sp. isolates were mainly from the skin/skeletal muscle and
spleen; cultured on BA (48 h, 28 →C), they showed white/grey, diffuse and hemolytic
colonies. Photobacterium damselae subsp. piscicida grown on BA (48 h, 28 →C) produced
small white colonies without hemolytic activity and were grown from sampled splenic and
renal lesions.

The nucleotide sequences of the amplified products were identical between biological
replicates. BLAST analysis (NCBI) of the three sequences obtained from amplification with
primers 27F and 1492R yielded significant alignments with reference sequences of T. mariti-
mum (100% similarity, Query Cover 100%, E value 0; accession number: AB078057) [37]
and P. damselae subsp. piscicida (100% similarity, Query Cover 100%, E value 0; PP053096).
The 16S rRNA sequence obtained from Vibrio sp. revealed >99% sequence identity and 99%
sequence coverage with reference sequences of V. harveyi (accession number MT860351).
Representative 16S rDNA sequences of the three colonies were submitted to GenBank
(Accession Numbers: PP981398, PP981400, PQ302566).

4. Discussion
To the best of the authors’ knowledge, this study documents, for the first time, a

concomitant natural infection of three different bacterial pathogens as the cause of mass
mortality in D. labrax housed in a quarantine system of a user establishment. In detail, the
co-infection involved Photobacterium damselae subsp. piscicida, together with Tenacibaculum
maritimum and Vibrio sp. Furthermore, this study highlights the potential economic impact
of bacterial co-infections in aquatic organisms, and therefore the importance of health
monitoring programs in the mariculture facilities. Moreover, the findings would spur a
better understanding of the potential biological risks affecting non-pathogen-free animals
when considering aquaculture as a source of fish species to be enrolled in experimental
studies. This is essential to ensure the reliability and reproducibility of the research findings,
also reducing the risk of sacrificing animals that cannot provide reliable results. The
findings also highlight the critical importance of the quarantine period in detecting possible
infectious diseases in an animal facility, to minimize the risk of introducing pathogenic
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or simply opportunistic microorganisms, even with potential zoonotic risk. Notably, the
recent report of an increasing number of human infections caused by Vibrio species such as
V. harveyi highlights the ever-increasing need for health monitoring programs and increases
awareness of the possibility that wound contamination in humans may become more
likely [4].

Infections and mortality observed in European sea bass often result from a complex
interplay among multiple factors and are generally triggered by the combined action of
various intrinsic and extrinsic factors, such as age-related host susceptibility and pathogen
virulence, as well as seasonality, stress and poor water quality [10,19]. Moreover, in-
teractions between invading pathogens have been found to synergistically alter hosts’
susceptibility and duration of infection, resulting in an overall increase in the pathogenicity
of individual pathogens [38]. Regarding pathogens, bacteria of the genus Vibrio are ubiq-
uitous in marine ecosystems, with Vibrio harveyi reported as the principal heterotrophic
bacterial species in the Western Mediterranean, representing one of the main pathogenic
bacteria negatively affecting the development of the aquaculture sector and reported as
the most frequent Vibrio species isolated from diseased fish [6,10,11]. Of note, vibriosis
outbreaks caused by V. harveyi show a clear seasonal variation in incidence with a markedly
increased prevalence during warm seasons when the temperature exceeds 20 →C, and for
this reason, Vibrio-associated infections are expected to increase in the near future due to
global warming [39]. It is well-known that fish physiology is directly influenced by several
environmental factors, with temperature having the most crucial effect [40]. In particular,
the increase in water temperature linked to climate change influences the basal metabolic
processes of aquatic organisms, inducing a stress response and differentially impacting on
various components of the immune system [41]. It is noteworthy that the vibriosis outbreak
documented in this study occurred in European sea bass purchased from the mariculture
facility during the summer period, during which a marked increase in the prevalence of
the Vibrio species is expected. Furthermore, the increased prevalence of Vibrio-associated
infections may lead to the increased occurrence of co-infections with other pathogenic or
opportunistic bacteria [42].

In this study, widespread skin ulcerations along with necrotizing myositis, tail rot and
complete tail loss could be associated with vibriosis, and also, the occasional identification
of bacteria of the genus Vibrio in the blood smear and spleen by molecular investigations
reflects the systemic spread of the pathogen in some individuals. Typically, for vibriosis, the
incubation period is very short, reaching approximately 3 days, although its duration can
be influenced by the susceptibility of the host and the virulence of the specific pathogen [7].
The main lesions in natural Vibrio infections include skin ulcerative lesions which subse-
quently extend to the underlying muscle layers, with necrosis that usually involved the tail
with complete tail loss [13]. In the Vibrio genus, the Harveyi clade, especially V. harveyi, V.
alginolyticus, V. rotiferianus and V. owensii, are the most frequently isolated species in sea bass
aquaculture [15], although V. harveyi remains the main pathogen responsible for recurrent
vibriosis outbreaks [15]. In Asian sea bass in Vietnam, similar necrotic and ulcerative
lesions have been described and associated with Vibrio harveyi infection, recognized as the
causative agent of “Scale Drop and Muscle Necrosis disease (SDMND)” [43]. In addition,
consistent with our findings, disease outbreaks in Asian sea bass occurred more frequently
in smaller fish, although outbreaks have been reported in fish of all sizes after stocking in
open-net cages [43]. Gill necrosis and abdominal distension have also been reported as the
major external lesions, along with anorexia, lethargy and abnormal swimming patterns
as the main behavioral changes, with the possible systemic spread of infection and high
mortality [44,45]. Also, V. anguillarum may be responsible for ulcerative skin lesions and
necrotizing myositis in acutely affected fish [14], although the fish investigated were vac-
cinated intraperitoneally against Vibrio anguillarum, with vaccines having generally been
shown to be effective in preventing disease [46].

In this study, pathological examination of the skin, blood smears, as well as microbiol-
ogy, confirm the presence of the bacterium Tenacibaculum maritimum, which is generally
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described as an opportunistic bacterial pathogen and, in the case of concomitant infec-
tions, has the ability to increase the severity of other diseases, with a rapid worsening of
the clinical course [20,43,47]. Interestingly, T. maritimum has previously been reported to
cause fin rot and muscle necrosis in various marine fish species, resulting in gross and
histopathological lesions in skeletal muscle similar to those produced by Vibrio spp. [20,48].
Additionally, the lesions associated with tenacibaculosis include deep necrotizing and
ulcerative skin lesions with numerous intralesional bacterial aggregates [20,47]. Therefore,
it would be likely that the external lesions observed here in European sea bass could be the
result of the combined action of T. maritimum and Vibrio sp., and eventually V. harveyi, with
concomitant infections causing high mortality and increased overall disease severity. How-
ever, in Asian sea bass, although co-infections with several culturable and non-culturable
bacteria, including Tenacibaculum spp., have been isolated in the case of “Scale Drop and
Muscle Necrosis Disease”, only the in vivo infection with a pathogenic strain of V. harveyi
reproduced the main clinical signs and lesions of the disease, while other bacteria alone
did not cause disease but only served as opportunistic pathogens [43]. Furthermore, as in
the case of Vibrio spp. infections, Tenacibaculum-associated disease is more common and
severe in smaller fish (2–80 g), with the occasional occurrence in larger animals [3,20,49].
Moreover, previous studies stated that the pathogenesis and morbidity are accelerated with
water temperatures above 15 →C and high salinity (higher than 30‰) [3,20,49]. Finally, the
pathogenicity and development of lesions typical of tenacibaculosis are strongly influenced
by its moderate hydrophobicity and rapid ability to form biofilms [47,50].

Finally, the third bacterial species identified in the European sea bass examined in this
study is Photobacterium damselae subsp. piscicida, considered a primary pathogen responsible
for acute fish photobacteriosis. Photobacteriosis, also known as pseudotuberculosis due to
the necrotic/granulomatous lesions which characterize the disease, represents a serious
bacterial disease in mariculture facilities worldwide [51]. The disease still represents a
serious threat in aquaculture, especially because P. damselae subsp. piscicida recognizes a
wide host range and has a widespread distribution, causing massive mortality due to the
lack of effective vaccines and widespread antibiotic resistance [51]. As for the vibriosis and
tenacibaculosis outbreaks discussed above, the prevalence of photobacteriosis is higher
during the summer season, thus reflecting the occurrence of the infection outbreak in the
cultured sea bass investigated in the present study. Of note, for Vibrio-associated infections,
the occurrence of photobacteriosis outbreaks has been associated with immune-suppression
positively linked to sudden increases in water temperature [52].

Severe skin ulcers have been reported in sea bass exhibiting high mortalities, as well
as hepatomegaly, engorged gall bladders and necrotic to granulomatous inflammation
in subacute and chronic clinical forms, respectively, predominantly involving the spleen
and kidney [53,54]. Therefore, in this study, P. damselae subsp. piscicida produced subacute
to chronic granulomatous lesions in internal organs (i.e., spleen and head kidney), while
ulcerative skin lesions and necrotizing myositis were associated with acute or subacute
tenacibaculosis and vibriosis.

In European sea bass mariculture facilities, immunization represents a key prevention
strategy for most bacterial and viral infectious diseases and is considered the most effective
alternative treatment to the use of antimicrobial drugs [25–29]. Most commercially avail-
able vaccines are prepared with the whole pathogen inactivated using formaldehyde or
heat, with or without the addition of adjuvants [55,56]. Especially in juveniles, vaccination
using an oil-adjuvanted antigenic formulation administered intraperitoneally represents
a widespread immunization strategy, and the combination of bacterins and oils stimu-
lates a local inflammatory immune response, allowing protective effects together with the
long-lasting stimulation of the immune system due to the slow and sustained release of
antigens from the oil (depot effect) [7,57,58]. The inactivated oil-adjuvanted vaccine for
Vibrio anguillarum and Photobacterium damselae subsp. piscicida has been intraperitoneally
administered in the fish investigated in this study, as also demonstrated by the oil droplets
found in the center of loose granulomas in the mesentery abdominal fat, together with
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numerous macrophages laden with blue-grey foreign material, interpreted as the vaccine
product. Many studies have been conducted to develop effective vaccines for a variety
of infectious diseases, but the results are not repeatable. In particular, Hamaguchi and
Kusuda [59] compared the efficacy of formalin-inactivated P. damselae subsp. piscicida
vaccine preparations at different time points during culture and obtained a significant
difference in efficacy based on culture periods. Failures in vaccine development can be
explained by the inadequate growth phase of the bacteria to prepare vaccines and infection
inocula [60], and nowadays, although commercially available, there are no effective for-
mulations against photobacteriosis [55–66], whereas for Vibrio anguillarum, commercially
available vaccines have been extensively and effectively applied [46].

In addition, adjuvanted vaccines may cause several side effects in fish, in particular,
associated with its administration with incorrect injection sites or techniques which can
often result in visceral adhesions and chronic inflammation, with defined granulomas and
pigmentation [3,11,58,61–63]. Therefore, ongoing research aims to improve vaccine formu-
lations and delivery methods to increase their effectiveness while minimizing potential
adverse effects.

In recent years, alternative strategies for infectious disease control have been explored.
Interestingly, probiotic treatments have emerged as the preferred environmentally friendly
prophylactic approach in marine larviculture, and the use of beneficial indigenous bacteria
isolated from aquatic organisms is gaining attention for pathogen control in the aquaculture
sector. Noteworthy, several Vibrio species have shown potential probiotic activity by
improving the survival of cultured fish after challenge with pathogenic Vibrio species [64,65].
Furthermore, the host microbiota plays an important role in disease control, being able to
prevent and control infections by mechanisms such as niche exclusion and competition
for nutrients or antagonism, and altered microbial communities may imply a loss of the
ability to control pathogen populations [66]. Interestingly, the skin mucus microbiome and
the immune response at both the local and systemic level have been studied in European
sea bass after a natural vibriosis outbreak sustained by V. harveyi, in order to develop
correct measures to reduce the incidence of the disease [67]. Of note, Vibrio-associated
infections produced a clear dysbiosis in the skin mucus microbiota, along with a decrease
in protease activity, as well as a concomitant reduction in lysozyme and an increase in
serum peroxidase activity [67]. Another interesting study observed that a combination of
culturable bacteria from the rainbow trout microbiota was able to confer protection against
Flavobacterium columnare infections by inhibiting the pathogen population [68]. Furthermore,
the host microbiota has been attributed a role in modulating the immune response against
pathogens, capable of inducing inflammation to face pathogens in fish [66].

Finally, the selection of genetically resistant fish breeding stocks to infectious diseases,
such as photobacteriosis, is a potential strategy to be pursued to reduce the likelihood of
this disease in farms and avoid economic losses [56]. In addition, efforts in an innovative
preventive strategy will aim to further improve the health and welfare of farmed European
sea bass and support the growth and productivity of the aquaculture sector, and when the
prophylaxis is not effective and/or adequately applied, an early diagnosis is essential to
control disease outbreaks.

The limitations of this study include use of 16S rRNA gene sequencing to ultimately
assign species-level classification and its limited ability to differentiate various Vibrio
species among the Vibrionaceae family. However, the 16S rRNA-based sequencing technique
remains a widely accepted method for genus-level identification. Given the primary goal
of this study to describe the gross and histopathological findings of an outbreak caused by
multiple bacterial pathogens, we focused on the 16S rRNA gene, which provides a valuable
insight into the microbial community.

5. Conclusions
This study documents, for the first time, pathological findings associated with a

natural co-infection caused by three different bacterial pathogens, as the cause of mass
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mortality in European sea bass originating from a mariculture facility and intended for
experimental research. The results would contribute to new insights into the pathogenicity
of P. damselae subsp. piscicida, T. maritimum and Vibrio sp., providing valuable knowledge
for the diagnosis, prevention and management of fish diseases induced by co-infection
with these bacteria. The role of stressors, such as the poor quality of water, high density,
transportation, vaccination and further manipulations, is here underlined. Furthermore,
the findings would emphasize the importance of the quarantine period when animals
supplied for research originate from mariculture. One of the main goals in the near future
is to better define the procedures to have completely pathogen-free animals, which can be
provided by a mariculture facility, to be involved in experimental trials. Alternative disease
prevention strategies are therefore desirable, as an effective way to improve water quality
and reduce stress, inhibit pathogen growth and boost the immune response of fish.

Author Contributions: Conceptualization, E.G. and F.M.; methodology, S.P., C.G., J.M.A., E.G., R.F.,
M.G.P., G.L. and C.I.; software, C.G.; validation, J.M.A., E.G. and C.I.; formal analysis, J.M.A. and C.I.;
investigation, S.P., C.G., J.M.A., E.G., R.F., M.G.P., G.L. and C.I.; resources, F.M.; data curation, R.F.
and M.G.P.; writing—original draft preparation, S.P. and J.M.A.; writing—review and editing, E.G.,
G.L., C.I. and F.M.; visualization, F.M.; supervision, G.L. and F.M.; project administration, F.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This paper and related research have been conducted during and with the support of
the project PON ARS01_00934, entitled “INSAIL—INterventi a supporto dello sviluppo Avanzato,
Integrato e sostenibile dell’acquacoLtura” [financed under the notice MIUR (Ministero dell’Istruzione,
dell’Università e della Ricerca) no. 1735, 13 July 2017].

Institutional Review Board Statement: The manuscript describes the pathological findings on sea
bass that died naturally following a co-infection sustained by three different bacterial pathogens.
Therefore, the animals were not enrolled in any experimental study or euthanized for research
purposes. Thus, ethical approval is not required for this type of study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: This paper and related research have been conducted during and with the
support of the Italian inter–university PhD course in Sustainable Development and Climate change
(www.phd-sdc.it).

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

References
1. Vandeputte, M.; Gagnaire, P.A.; Allal, F. The European sea bass: A key marine fish model in the wild and in aquaculture. Anim.

Genet. 2019, 50, 195–206. [CrossRef] [PubMed]
2. FAO. FishStatJ Dataset: Global Fishery and Acquaculture Production Statistics. Global Aquaculture Production 1950–2021 (Reales

date: March 2021). Food and Agriculture Organization of the United States. 2023. Available online: https://www.fao.org/
fishery/en/statistics/software/fishstatj (accessed on 15 May 2024).

3. Tziouvas, H.; Varvarigos, P. Intensity scale of side effects in European sea bass (Dicentrarchus labrax) post intraperitoneal injection
with commercial oil-adjuvanted vaccines. Bull. Eur. Ass. Fish. Pathol. 2021, 41, 103. [CrossRef]

4. Sanches-Fernandes, G.M.; Sá-Correia, I.; Costa, R. Vibriosis Outbreaks in Aquaculture: Addressing environmental and public
health concerns and preventive therapies using gilthead seabream farming as a model. Front. Microbiol. 2022, 13, 904815.
[CrossRef] [PubMed]

5. Kotob, M.H.; Menanteau-Lodouble, S.; Kumar, G.; Abdelzaher, M.; El-Matbouli, M. The impact of co-infections on fish: A review.
Vet. Res. 2016, 47, 98. [CrossRef]

6. Vendramin, N.; Zrncic, S.; Padros, F.; Oraic, D.; Le Breton, A.; Zarza, C.; Olesen, N.J. Fish Health in Mediterranean Aquaculture,
Past Mistakes and Future Challenges. Bull. Eur. Ass. Fish. Pathol. 2016, 36, 38–44.

7. Le Breton, A.D. Mediterranean finfish pathologies. Present status and new developments in prophylactic methods. Bull. Eur. Ass.
Fish. Pathol. 1999, 19, 250–253.

8. Evensen, Ø. Development of Fish Vaccines: Focusing on Methods. In Fish Vaccines, Birkhäuser Advances in Infectious Diseases;
Adams, A., Ed.; Springer: Basel, Switzerland, 2016. [CrossRef]

www.phd-sdc.it
https://doi.org/10.1111/age.12779
https://www.ncbi.nlm.nih.gov/pubmed/30883830
https://www.fao.org/fishery/en/statistics/software/fishstatj
https://www.fao.org/fishery/en/statistics/software/fishstatj
https://doi.org/10.48045/001c.28222
https://doi.org/10.3389/fmicb.2022.904815
https://www.ncbi.nlm.nih.gov/pubmed/35898915
https://doi.org/10.1186/s13567-016-0383-4
https://doi.org/10.1007/978-3-0348-0980-1_3


Fishes 2024, 9, 360 14 of 16

9. Cable, J.; Barber, I.; Boag, B.; Ellison, A.R.; Morgan, E.R.; Murray, K.; Pascoe, E.L.; Sait, S.M.; Wilson, A.J.; Booth, M. Global change,
parasite transmission and disease control: Lessons from ecology. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2017, 372, 20160088.
[CrossRef]

10. Austin, B.; Austin, D.A. Vibrionaceae representatives. In Bacterial Fish Pathogens: Disease of Farmed and Wild Fish; Springer:
Dordrecht, The Netherlands, 2012; pp. 357–411.

11. Vandenberghe, J.; Thompson, F.L.; Gomez-Gil, B.; Swings, J. Phenotypic diversity amongst Vibrio isolates from marine aquaculture
systems. Aquaculture 2003, 219, 9–20. [CrossRef]

12. Muniesa, A.; Basurco, B.; Aguilera, C.; Furones, D.; Reverté, C.; Sanjuan-Vilaplana, A.; Jansen, M.D.; Brun, E.; Tavornpanich, S.
Mapping the knowledge of the main diseases affecting sea bass and sea bream in Mediterranean. Transbound. Emerg. Dis. 2020,
67, 1089–1100. [CrossRef]

13. Manchanayake, T.; Salleh, A.; Noor Azmai Amal, M.; Salwany Md Yasin, I.; Zamri-Saad, M. Pathology and pathogenesis of Vibrio
infection in fish: A review. Aquac. Rep. 2023, 28, 101459. [CrossRef]

14. Vázquez, F.J.S.; Muñoz-Cueto, J.A. (Eds.) Biology of European Sea Bass; CRC Press: Boca Raton, FL, USA, 2014.
15. Mougin, J.; Roquigny, R.; Flahaut, C.; Bonnin-Jusserand, M.; Grand, T.; Le Bris, C. Abundance and spatial patterns over time of

Vibrionaceae and Vibrio harveyi in water and biofilm from a seabass aquaculture facility. Aquaculture 2021, 542, 736862. [CrossRef]
16. Firmino, J.; Furones, M.D.; Andree, K.B.; Sarasquete, C.; Ortiz-Delgado, J.B.; Asencio-Alcudia, G.; Gisbert, E. Contrasting outcomes

of Vibrio harveyi pathogenicity in gilthead seabream, Sparus aurata and European seabass, Dicentrachus labrax. Aquaculture 2019,
511, 734210. [CrossRef]

17. Ransangan, J.; Mustafa, S. Identification of Vibrio harveyi isolated from diseased Asian seabass Lates calcarifer by use of 16S
ribosomal DNA sequencing. J. Aquat. Anim. Health 2009, 21, 150–155. [CrossRef] [PubMed]

18. Iaria, C.; Saoca, C.; Guerrera, M.C.; Ciulli, S.; Brundo, M.V.; Piccione, G.; Lanteri, G. Occurence of diseases in fish used for
experimental research. Lab. Anim. 2019, 53, 619–629. [CrossRef]

19. Abdel-Aziz, M.; Eissa, A.E.; Hanna, M.; Okada, M.A. Identifying some pathogenic Vibrio/Photobacterium species during mass
mortalities of cultured gilthead seabream (Sparus aurata) and European seabass (Dicentrarchus labrax) from some Egyptian coastal
provinces. Int. J. Veter. Sci. Med. 2013, 1, 87–95. [CrossRef]

20. Avendano-Herrera, R.; Toranzo, A.E.; Magarinos, B. Tenacibaculosis infection in marine fish caused by Tenacibaculum maritimum:
A review. Dis. Aquat. Org. 2006, 71, 255–266. [CrossRef]

21. Cox, F.E. Concomitant infections, parasites and immune responses. Parasitology 2001, 122, S23–S38. [CrossRef] [PubMed]
22. Abbate, J.M.; Grifò, G.; Capparucci, F.; Arfuso, F.; Savoca, S.; Cicero, L.; Consolo, G.; Lanteri, G. Postmortem electrical conductivity

changes of Dicentrarchus labrax skeletal muscle: Root Mean Square (RMS) parameter in estimating time since death. Animals 2022,
12, 1062. [CrossRef]

23. Howe, K.; Clark, M.D.; Torroja, C.F.; Torrance, J.; Berthelot, C.; Muffato, M.; Collins, J.E.; Churcher, C.; Scott, C.; Barrett, J.C.; et al.
The zebrafish reference genome sequence and its relationship to the human genome. Nature 2013, 496, 498–503. [CrossRef]

24. Murray, K.N.; Clark, T.S.; Kebus, M.J.; Kent, M.L. Specific Pathogen Free—A review of strategies in agriculture, aquaculture,
and laboratory mammals and how they inform new recommendations for laboratory zebrafish. Res. Vet. Sci. 2022, 142, 78–93.
[CrossRef]

25. Raju, T.; Manchanayake, T.; Danial, A.; Zamri-Saad, M.; Azmai, M.N.A.; Md Yasin, I.S.; Mohd Nor, N.; Salleh, A. Evaluating
the intestinal immunity of asian seabass (Lates calcarifer, bloch 1790) following field vaccination using a feed-based oral vaccine.
Vaccines 2023, 11, 602. [CrossRef]

26. Tanpichai, P.; Chaweepack, S.; Senapin, S.; Piamsomboon, P.; Wongtavatchai, J. Immune activation following vaccination of
Streptococcus iniae bacterin in asian seabass (Lates calcarifer, bloch 1790). Vaccines 2023, 11, 351. [CrossRef]

27. Bunnoy, A.; Thangsunan, P.; Chokmangmeepisarn, P.; Yata, T.; Klongklaew, N.; Pirarat, N.; Kitiyodom, S.; Srisapoome, P.; Rod-
khum, C. Mucoadhesive cationic lipid-based Flavobacterium oreochromis nanoencapsulation enhanced the efficacy of mucoadhesive
immersion vaccination against columnaris disease and strengthened immunity in Asian sea bass (Lates calcarifer). Fish Shellfish
Immunol. 2022, 127, 633–646. [CrossRef] [PubMed]

28. Caipang, C.M.A.; Lucanas, J.B.; Lay-yag, C. Updates on the vaccination against bacterial diseases in tilapia, oreochromis spp. and
asian seabass, Lates calcarifer. AACL Bioflux 2014, 7, 184–193.

29. Kumar, S.R.; Parameswaran, V.; Ishaq Ahmed, V.P.; Syed Musthaq, S.; Sahul Hameed, A.S. Protective efficiency of DNA
vaccination in Asian seabass (Lates calcarifer) against Vibrio anguillarum. Fish Shellfish Immunol. 2007, 23, 316–326. [CrossRef]
[PubMed]

30. Griot, R.; Allal, F.; Phocas, F.; Brard-Fudulea, S.; Morvezen, R.; Haffray, P.; François, Y.; Morin, T.; Bestin, A.; Bruant, J.S.; et al.
Optimization of genomic selection to improve disease resistance in two marine fishes, the european sea bass (Dicentrarchus labrax)
and the gilthead sea bream (Sparus aurata). Front. Genet. 2021, 12, 665920.

31. Zhou, D.; Zhang, B.; Dong, Y.; Li, X.; Zhang, J. Coinfection of cage-cultured spotted sea bass (Lateolabrax maculatus) with Vibrio
harveyi and Photobacterium damselae subsp. piscicida associated with skin ulcer. Microorganisms 2024, 12, 503.

32. Sulumane Ramachandra, K.S.; Dube, P.N.; Pandikkaden Sundaran, S.; Kalappurakkal Gopalan, P.; Mangottil Ayyappan, M.A.;
Nandiath Karayi, S. Coinfection with two strains of Photobacterium damselae subsp. damselae and Vibrio harveyi in cage farmed cobia,
Rachycentron canadum (Linnaeus, 1766). Aquac. Res. 2021, 52, 1525–1537.

https://doi.org/10.1098/rstb.2016.0088
https://doi.org/10.1016/S0044-8486(02)00312-5
https://doi.org/10.1111/tbed.13482
https://doi.org/10.1016/j.aqrep.2022.101459
https://doi.org/10.1016/j.aquaculture.2021.736862
https://doi.org/10.1016/j.aquaculture.2019.734210
https://doi.org/10.1577/H09-002.1
https://www.ncbi.nlm.nih.gov/pubmed/20043399
https://doi.org/10.1177/0023677219830441
https://doi.org/10.1016/j.ijvsm.2013.10.004
https://doi.org/10.3354/dao071255
https://doi.org/10.1017/S003118200001698X
https://www.ncbi.nlm.nih.gov/pubmed/11442193
https://doi.org/10.3390/ani12091062
https://doi.org/10.1038/nature12111
https://doi.org/10.1016/j.rvsc.2021.11.005
https://doi.org/10.3390/vaccines11030602
https://doi.org/10.3390/vaccines11020351
https://doi.org/10.1016/j.fsi.2022.06.059
https://www.ncbi.nlm.nih.gov/pubmed/35779812
https://doi.org/10.1016/j.fsi.2006.11.005
https://www.ncbi.nlm.nih.gov/pubmed/17337208


Fishes 2024, 9, 360 15 of 16

33. Di Francesco, G.; Cammà, C.; Curini, V.; Mazzariol, S.; Proietto, U.; Di Francesco, C.E.; Ferri, N.; Di Provvido, A.; Di Guardo, G.
Coinfection by Ureaplasma spp., Photobacterium damselae and an Actinomyces-like microorganism in a bottlenose dolphin (Tursiops
truncatus) with pleuropneumonia stranded along the Adriatic coast of Italy. Res. Vet. Sci. 2016, 105, 111–114. [CrossRef]

34. Baseggio, L.; Rudenko, O.; Buller, N.; Landos, M.; Englestädter, J.; Barnes, A.C. Complete, closed and curated genome sequences
of Photobacterium damselae subsp. piscicida isolates from Australia indicate mobilome-driven localized evolution and novel pathogenicity
determinants. Microb. Genom. 2021, 7, 000562.

35. Nowlan, J.P.; Britney, S.R.; Lumsden, J.S.; Russel, S. Experimental induction of Tenacibaculosis in Atlantic Salmon (Salmo salar L.)
using Tenacibaculum maritimum, T. dicentrarchi, and T. finnmarkense. Pathogens 2021, 10, 1439. [CrossRef] [PubMed]

36. Yoshizawa, S.; Tsuruya, Y.; Fukui, Y.; Sawabe, T.; Yokota, A.; Kogure, K.; Higgins, M.; Carson, J.; Thompson, F.L. Vibrio jasicida sp.
nov., a member of the Harveyi clade, isolated from marine animals (packhorse lobster, abalone and Atlantic salmon). Int. J. Syst.
Evol. Microbiol. 2012, 62, 1864–1870. [CrossRef] [PubMed]

37. Nakagawa, Y.; Sakane, T.; Suzuki, M.; Hatano, K. Phylogenetic structure of the genera Flexibacter, Flexithrix, and Microscilla
deduced from 16S rRNA sequence analysis. J. Gen. Appl. Microbiol. 2002, 48, 155–165. [CrossRef]

38. Abdel-Latif, H.M.; Dawood, M.A.; Menanteau-Ledouble, S.; El-Matbouli, M. The nature and consequences of co-infections in
tilapia: A review. J. Fish Dis. 2020, 43, 651–664. [CrossRef]

39. Brehm, T.T.; Berneking, L.; Rohde, H.; Chistner, M.; Schlickewei, C.; Sena Martins, M.; Schmiedel, S. Wound infection with Vibrio
harveyi following a traumatic leg amputation after a motorboat propeller injury in Mallorca, Spain: A case report a review of
literature. BMC Infect. Dis. 2020, 20, 104. [CrossRef] [PubMed]

40. Little, A.G.; Loughland, I.; Seebacher, F. What do warming waters mean for fish physiology and fisheries? J. Fish Biol. 2020, 97,
328–340. [CrossRef]

41. Cascarano, M.C.; Stavrakidis-Zachou, O.; Mladineo, I.; Thompson, K.D.; Papandroulakis, N.; Katharios, P. Mediterranean
Aquaculture in Changing Climate: Temperature Effects on Pathogens and Diseases of three farmed fish species. Pathogens 2021,
10, 1205. [CrossRef]

42. Pujalte, M.J.; Bobadilla, A.S.; Álvarez-Pellitero, P.; Garay, E. Carriage of potentially fish-pathogenic bacteria in Sparus aurata
cultured in Mediterranean fish farms. Dis. Aquat. Org. 2003, 54, 119–126. [CrossRef]

43. Dong, H.T.; Taengphu, S.; Sangsuriya, P.; Charoensapsri, W.; Phiwsaiya, K.; Sornwatana, T.; Khunrae, P.; Rattanarojpong, T.;
Senapin, S. Recovery of Vibrio harveyi from scale drop and muscle necrosis disease in farmed barramundi, Lates calcarifer in
Vietnam. Aquaculture 2017, 473, 89–96. [CrossRef]

44. Ina-Salwany, M.Y.; Al-saari, N.; Mohamad, A.; Mursidi, F.A.; Mohd-Aris, A.; Amal, M.N.A.; Kasai, H.; Mino, S.; Sawabe, T.;
Zamri-Saad, M. Vibriosis in fish: A review on disease development and prevention. J. Aquat. Anim. Health 2019, 31, 3–22.
[CrossRef]

45. Noga, E.J. Skin ulcers in fish: Pfiesteria and other etiologies. Toxicol. Pathol. 2000, 28, 807–823. [CrossRef] [PubMed]
46. Dadar, M.; Dhama, K.; Vakharia, V.N.; Hoseinifar, S.H.; Karthik, K.; Tiwari, R.; Khandia, R.; Munjal, A.; Salgado-Miranda, C.;

Joshi, S.K. Advances in aquaculture vaccines against fish pathogens: Global status and current trends. Rev. Fish. Sci. Aqualc. 2017,
25, 184–217. [CrossRef]

47. Mabrok, M.; Algammal, A.M.; Sivaramasamy, E.; Hetta, H.F.; Atwah, B.; Alghamdi, S.; Fawzy, A.; Avendaño-Herrera, R.;
Rodkhum, C. Tenacibaculosis caused by Tenacibaculum maritimum: Updated knowledge of this marine bacterial fish pathogen.
Front. Cell. Infect. Microbiol. 2023, 12, 1068000. [CrossRef] [PubMed]

48. Failde, L.D.; Losada, A.P.; Bermudez, R.; Santos, Y.; Quiroga, M.I. Tenacibaculum maritimum infection: Pathology and immunohis-
tochemistry in experimentally challenged turbot (Psetta maxima L.). Microb. Pathog. 2013, 65, 82–88. [CrossRef] [PubMed]

49. Khalil, R.H.; Diab, A.M.; Shakweer, M.S.; Ghetas, H.A.; Khallaf, M.M.; Omar, A.A.E.-D. New perspective to control of tenacibacu-
losis in sea bass Dicentrarchus labrax L. Aquac. Res. 2018, 49, 1–9. [CrossRef]

50. Levipan, H.A.; Tapia-Cammas, D.; Molina, V.; Irgang, R.; Toranzo, A.E.; Magariños, B.; Avendaño-Herrera, R. Biofilm development
and cell viability: An undervalued mechanism in the persistence of the fish pathogen Tenacibaculum maritimum. Aquaculture 2019,
511, 734267. [CrossRef]

51. Andreoni, F.; Magnani, M. Photobacteriosis: Prevention and diagnosis. J. Immunol. Res. 2014, 2014, 793817. [CrossRef]
52. Plumb, J.A.; Hanson, L.A. Health Maintenance and Principal Microbial Diseases of Cultured Fishes; John Wiley & Sons: Hoboken, NJ,

USA, 2011.
53. Essam, H.M.; Abdellrazeq, G.S.; Tayel, S.I.; Torky, H.A.; Fadel, A.H. Pathogenesis of Photobacterium damselae subspecies infections

in sea bass and sea bream. Microb. Pathog. 2016, 99, 41–50. [CrossRef]
54. Romalde, J.L. Photobacterium damselae subsp. piscicida: An integrated view of a bacterial fish pathogen. Int. Microbiol. 2002, 5, 3–9.
55. Micoli, A.; Manni, M.; Picchietti, S.; Scapigliati, G. State-of-the-art vaccine research for aquaculture use: The case of three

economically relevant fish species. Vaccines 2021, 9, 140. [CrossRef]
56. Miccoli, A.; Saraceni, P.R.; Scapigliati, G. Vaccines and immune protection of principal Mediterranean marine fish species. Fish

Shellfish Immun. 2019, 94, 800–809. [CrossRef]
57. Thorarinsson, R.; Powell, D.B. Effects of disease risk, vaccine efficacy, and market price on the economics of fish vaccination.

Aquaculture 2006, 256, 42–49. [CrossRef]
58. Midtlyng, P.J.; Reitan, L.J.; Speilberg, L. Experimental studies on the efficacy and side-effects of intraperitoneal vaccination of

Atlantic salmon (Salmo salar L.) against furunculosis. Fish Shellfish Immun. 1996, 6, 335–350. [CrossRef]

https://doi.org/10.1016/j.rvsc.2016.01.022
https://doi.org/10.3390/pathogens10111439
https://www.ncbi.nlm.nih.gov/pubmed/34832595
https://doi.org/10.1099/ijs.0.025916-0
https://www.ncbi.nlm.nih.gov/pubmed/21984666
https://doi.org/10.2323/jgam.48.155
https://doi.org/10.1111/jfd.13164
https://doi.org/10.1186/s12879-020-4789-2
https://www.ncbi.nlm.nih.gov/pubmed/32019500
https://doi.org/10.1111/jfb.14402
https://doi.org/10.3390/pathogens10091205
https://doi.org/10.3354/dao054119
https://doi.org/10.1016/j.aquaculture.2017.02.005
https://doi.org/10.1002/aah.10045
https://doi.org/10.1177/019262330002800607
https://www.ncbi.nlm.nih.gov/pubmed/11127295
https://doi.org/10.1080/23308249.2016.1261277
https://doi.org/10.3389/fcimb.2022.1068000
https://www.ncbi.nlm.nih.gov/pubmed/36683696
https://doi.org/10.1016/j.micpath.2013.09.003
https://www.ncbi.nlm.nih.gov/pubmed/24090541
https://doi.org/10.1111/are.13689
https://doi.org/10.1016/j.aquaculture.2019.734267
https://doi.org/10.1155/2014/793817
https://doi.org/10.1016/j.micpath.2016.08.003
https://doi.org/10.3390/vaccines9020140
https://doi.org/10.1016/j.fsi.2019.09.065
https://doi.org/10.1016/j.aquaculture.2006.01.033
https://doi.org/10.1006/fsim.1996.0034


Fishes 2024, 9, 360 16 of 16

59. Hamaguchi, M.; Kusuda, R. The effect of various cultivation periods on the efficacy of formalin killed cell vaccine of Pasteurella
piscicida in yellowtail. Nippon Suisan Gakkaishi 1988, 54, 1847. [CrossRef]

60. Nagano, I.; Inoue, S.; Kawai, K.; Oshima, S. Repeatable immersion infection with Photobacterium damselae subsp. piscicida
reproducing clinical signs and moderate mortality. Fish. Sci. 2009, 75, 707–714.

61. Afonso, A.; Gomes, S.; da Silva, J.; Marques, F.; Henrique, M. Side effects in sea bass (Dicentrarchus labrax L.) due to intraperitoneal
vaccination against vibriosis and pasteurellosis. Fish Shellfish Immun. 2005, 19, 1–16. [CrossRef]

62. Lillehaug, A.; Lunder, T.; Poppe, T.T. Field testing of adjuvanted furunculosis vaccines in Atlantic salmon, Salmo salar L. J. Fish
Dis. 1992, 15, 485–496. [CrossRef]

63. Horne, M.T.; Roberts, R.J.; Tatner, M.; Ward, P. The effects of the use of potassium alum adjuvant in vaccines against vibriosis in
rainbow trout, Salmo gairdneri Richardson. J. Fish Dis. 1984, 7, 91–99. [CrossRef]

64. Sugita, H.; Okano, R.; Suzuki, Y.; Iwai, D.; Mizukami, M.; Akiyama, N.; Matsuura, S. Antibacterial abilities of intestinal bacteria
from larval and juvenile Japanese flounder against fish pathogens. Fish. Sci. 2002, 68, 1004–1011. [CrossRef]

65. Austin, B.; Stuckey, L.F.; Robertson, P.A.W.; Effendi, I.; Griffith, D.R.W. A probiotic strain of Vibrio alginolyticus effective in
reducing diseases caused by Aeromonas salmonicida, Vibrio anguillarum and Vibrio ordalii. J. Fish Dis. 1995, 18, 93–96. [CrossRef]

66. De Bruijn, I.; Liu, Y.; Wiegertjes, G.F.; Raaijmakers, J.M. Exploring fish microbial communities to mitigate emerging diseases in
aquaculture. FEMS Microbiol. Ecol. 2018, 94, fix161. [CrossRef] [PubMed]

67. Cámara-Ruiz, M.; Cerezo, I.M.; Guardiola, F.A.; García-Beltrán, J.M.; Balebona, M.C.; Moriñigo, M.Á.; Esteban, M.Á. Alteration
of the Immune Response and the Microbiota of the Skin during a Natural Infection by Vibrio harveyi in European Seabass
(Dicentrarchus labrax). Microorganisms 2021, 9, 964. [CrossRef] [PubMed]

68. Perez-Pascual, D.; Vendrell-Fernandez, S.; Audrain, B.; Bernal-Bayard, J.; Patiño-Navarrete, R.; Petit, V.; Rigaudeau, D.; Ghigo,
J.M. Gnotobiotic rainbow trout (Oncorhynchus mykiss) model reveals endogenous bacteria that protect against Flavobacterium
columnare infection. PLoS Pathog. 2021, 17, e1009302. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2331/suisan.54.1847
https://doi.org/10.1016/j.fsi.2004.09.001
https://doi.org/10.1111/j.1365-2761.1992.tb00680.x
https://doi.org/10.1111/j.1365-2761.1984.tb00911.x
https://doi.org/10.1046/j.1444-2906.2002.00525.x
https://doi.org/10.1111/j.1365-2761.1995.tb01271.x
https://doi.org/10.1093/femsec/fix161
https://www.ncbi.nlm.nih.gov/pubmed/29206925
https://doi.org/10.3390/microorganisms9050964
https://www.ncbi.nlm.nih.gov/pubmed/33947022
https://doi.org/10.1371/journal.ppat.1009302
https://www.ncbi.nlm.nih.gov/pubmed/33513205

	Introduction 
	Materials and Methods 
	Animals and Clinical Signs 
	Postmortem Investigation 
	Pathological Examination 
	Microbiology 
	Molecular Analysis 

	Results 
	Study Population and Gross Pathological Findings 
	Cytology 
	Histopathology 
	Scaled Skin and Skeletal Muscle 
	Spleen 
	Head Kidney 
	Abdominal Mesentery Fat 
	Liver 

	Isolation and Identification of the Bacterial Pathogens 

	Discussion 
	Conclusions 
	References

