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Abstract: Photobacterium damselae subsp. piscicida (Phdp) is a Gram-negative fish pathogen with
worldwide distribution and broad host specificity that causes heavy economic losses in aquaculture.
Although Phdp was first identified more than 50 years ago, its pathogenicity mechanisms are not
completely understood. In this work, we report that Phdp secretes large amounts of outer membrane
vesicles (OMVs) when cultured in vitro and during in vivo infection. These OMVs were morpho-
logically characterized and the most abundant vesicle-associated proteins were identified. We also
demonstrate that Phdp OMVs protect Phdp cells from the bactericidal activity of fish antimicrobial
peptides, suggesting that secretion of OMVs is part of the strategy used by Phdp to evade host defense
mechanisms. Importantly, the vaccination of sea bass (Dicentrarchus labrax) with adjuvant-free crude
OMVs induced the production of anti-Phdp antibodies and resulted in partial protection against Phdp
infection. These findings reveal new aspects of Phdp biology and may provide a basis for developing
new vaccines against this pathogen.

Keywords: Photobacteriosis; extracellular products; OMVs; virulence factors; vaccination

1. Introduction

Photobacterium damselae subsp. piscicida (Phdp) is a Gram-negative pathogen that causes
a severe septicemic disease in many warm water marine fish species in Europe, Asia, and
North America [1]. Phdp was first isolated in a massive epizootic that occurred in wild
populations of white perch (Morone americanus) and striped bass (Morone saxatilis) in 1963
in Chesapeake Bay (USA) [2]. Since then, Phdp has been isolated in different geograph-
ical areas, and has been continuously imposing serious constraints on the aquaculture
production of several economically important fish species, including sea bream (Sparus
aurata) [3], European sea bass (Dicentrarchus labrax) [4], and sole (Solea senegalensis and
Solea solea) [5], which are mainly cultured in Mediterranean countries, as well as yellowtail
(Seriola quinqueradiata) [6] and cobia (Rachycentron canadum) [7], primarily produced in
Japan and China, respectively. According to the FAO, the production of these species
reached 700 thousand tones in 2019 [8].

Phdp outbreaks are often associated with high water temperatures (>23 ◦C) and poor
water quality [9] and lead to mortalities that can be as high as 80% of the affected stock [10].
Acute Phdp infections are characterized by the occurrence of generalized bacteremia and
extensive cytopathology with abundant tissue necrosis [11]. Whitish tubercle-like lesions
of 0.5 to 3.5 mm in diameter, consisting of accumulations of bacteria, apoptotic cells, and
necrotic debris are frequently present in the spleen and head-kidney of infected fish [9–13].
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Despite the high negative impacts caused by this pathogen, only a few Phdp virulence fac-
tors are presently known and, thus, knowledge on Phdp pathogenicity remains incomplete.

Antibiotics were the first approach used to treat and control Phdp infections, but
Phdp became resistant to many antimicrobials [1]. Furthermore, there are huge concerns
in using antibiotics to treat infections in aquaculture, because it can result in antibiotic
residues in the final product and in the emergence and spreading of antibiotic resistance
among bacterial species [14–16]. In this context, vaccination emerged as the most promising
approach to control Phdp disease outbreaks. Indeed, over the last 30 years, several anti-
Phdp vaccine strategies were proposed and there are presently a few inactivated bacterins
commercially available to prevent Phdp infections in some species [1,17]. However, these
vaccines have variable efficacy [1] and serious outbreaks of Phdp continue to occur in
several countries [18–20], even in vaccinated stocks, underscoring the need for novel and
improved vaccines able to prevent this disease.

Studies performed in the 1990s suggested that factors secreted by Phdp display im-
portant pathobiological activities [13,21]. The specific components responsible for the
observed activities, however, remained unidentified for many years. It is now known that
Phdp secretes large amounts of AIP56, an apoptogenic toxin that targets and destroys host
phagocytes and plays a crucial virulence role [11,22,23]. Additionally, it was also reported
that Phdp secretes PnpA, a peptidoglycan hydrolase that can degrade the peptidoglycan of
potential Phdp competitors [24], although the role of this protein in Phdp virulence remains
unknown. In addition to these two factors, which are secreted by the type II secretion sys-
tem (T2SS) of Phdp [24,25], it was recently reported that most isolates of Phdp harbor a type
III secretion system (T3SS) [26,27], which is encoded in an unstable virulence-associated
plasmid [28]. Although it is likely that the T3SS is involved in Phdp virulence, its specific
functions remain undisclosed [28].

Outer membrane vesicles (OMVs) are nanosized spherical bilayered particles released
by Gram-negative bacteria during in vitro culture, as well as in the environment and during
host infection [29,30]. It is now recognized that they are involved in several important
functions, such as cell-to-cell communication, stress responses, antimicrobial resistance,
horizontal gene transfer, and immune evasion [29–31]. OMVs originate by the blebbing of
the outer membrane and contain biologically active components, such as lipopolysaccharide
(LPS), phospholipids, and major outer membrane proteins (OMPs), as well as periplasmic
components that are entrapped during vesiculation [29,31,32]. OMVs produced by bacterial
pathogens also carry virulence factors and may work as long-distance delivery vehicles
that can contribute to host colonization and infection-associated pathology [29,31].

In addition to their physiological and pathogenic roles, OMVs have been receiving
increasing attention in the field of vaccinology, because they present bacterial antigens in
native conformations and are able to induce potent protective humoral and cell-mediated
immunity [29,33,34]. Additionally, they have inanimate activity, non-replicative properties
and high stability [29,34], further supporting their use as vaccine components. To date,
the most successful examples of the use of OMVs in vaccines are the human anti-Neisseria
meningitidis group B (MenB) vaccines, which are used to control specific outbreaks of
MenB-associated meningitis as well as to protect against the endemic disease in several
countries [35,36]. Several other OMV-based vaccines are presently being developed against
animal and human pathogens [37,38].

The protection induced by OMVs-based vaccines is thought to be mediated by the
large numbers of pathogen associated molecular patterns (PAMPs) present in these vesicles,
as PAMPs are known to play a key role in stimulating host innate immunity [29,37]. One of
the major advantages of using OMVs as vaccines is that they possess intrinsic adjuvant ca-
pacity [29,33], while lacking the side-effects associated with immune-enhancing adjuvants.
Another advantage is that OMVs can be engineered to remove irrelevant/deleterious anti-
gens and toxic components and/or to incorporate autologous or heterologous protective
antigens, further expanding their applicability for vaccination [39,40]. Despite the signifi-
cant potential of OMVs for vaccine development and the urgent need for new and improved
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fish vaccines, there are only a few studies on OMV-based vaccines for fish. A promising
result was recently described by Park and colleagues, who showed that the administration
of OMVs from the fish pathogen Edwardsiella tarda to olive flounder (Paralichthys olivaceus)
conferred partial protection against experimental edwardsiellosis [41].

In this work, we report that Phdp secretes large numbers of OMVs when cultured
in vitro and during infection in vivo. These OMVs were purified and the most abundant
vesicle-associated proteins were identified. We also show that purified OMVs are able to
protect Phdp from the bactericidal activity of fish antimicrobial peptides, suggesting that
the secretion of OMVs in infected hosts may contribute to the evasion of Phdp from the
host innate immunity. Finally, vaccination experiments showed that OMVs administered
without adjuvant were able to induce a partial, but significant, protection against Phdp
infection. Although the relative percent survival (RPS) of OMVs-vaccinated fish was
relatively low (35–38%), these results are promising and provide the basis for future
work aiming at improving the OMVs protective efficacy, for example, by altering their
antigenic content.

2. Results
2.1. Photobacterium damselae subsp. piscicida MT1415 Strain Secretes Large Numbers of OMVs
In Vitro

Transmission electron microscopy (TEM) analyses of Phdp MT1415 cell suspensions
negatively stained with uranyl acetate revealed very large numbers of small spherical
vesicles surrounding the bacterial cells (Figure 1A). The size and morphological character-
istics of the vesicles suggested that they could represent outer membrane vesicles (OMVs).
To test this hypothesis, we fixed Phdp MT1415 whole colonies and processed them for
conventional TEM. Indeed, the ultrathin sections of these colonies revealed an abundance
of vesicles located near the bacterial cells’ surface (Figure 1B).
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Transmission electron microscopy (TEM) image of negatively stained MT1415 cells surrounded by 
high number of small-sized spherical vesicles (some vesicles are indicated by arrowheads). Bacteria 
were cultured on TSA-1, suspended in 1% NaCl, loaded on the grid, and negatively stained with 
uranyl acetate. (B) TEM of an ultrathin section of an MT1415 colony grown on TSA-1, showing 
several vesicles at the bacterial cells’ surface (some vesicles are indicated by arrowheads). (C) TEM 
of crude OMVs negatively stained with uranyl acetate. (D) Ultrathin section of crude OMVs, 
showing that the vesicles are surrounded by a single bilayer membrane (inset). (E) Particle size 

Figure 1. The Phdp European strain MT1415 releases large numbers of OMVs in vitro. (A) Trans-
mission electron microscopy (TEM) image of negatively stained MT1415 cells surrounded by high
number of small-sized spherical vesicles (some vesicles are indicated by arrowheads). Bacteria were
cultured on TSA-1, suspended in 1% NaCl, loaded on the grid, and negatively stained with uranyl
acetate. (B) TEM of an ultrathin section of an MT1415 colony grown on TSA-1, showing several
vesicles at the bacterial cells’ surface (some vesicles are indicated by arrowheads). (C) TEM of crude
OMVs negatively stained with uranyl acetate. (D) Ultrathin section of crude OMVs, showing that
the vesicles are surrounded by a single bilayer membrane (inset). (E) Particle size distribution of
crude OMVs analyzed by dynamic light scattering. Each line in the graph corresponds to the results
obtained for an independent batch of crude OMVs.

To further characterize these vesicles, cell-free culture supernatants from late-exponential
cultures of the Phdp strain MT1415 were concentrated by tangential filtration, dialyzed to
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eliminate components of the culture medium and soluble secreted proteins, and ultracen-
trifuged to obtain a crude preparation of vesicles. TEM analysis of this preparation after
negative staining revealed a rather homogeneous population of spherical vesicles, most
of which with less than 50 nm in diameter (Figure 1C). The observation of the ultrathin
sections of the vesicles revealed that they are surrounded by a single bilayer membrane
(Figure 1D), supporting the idea that, indeed, they originated from the blebbing of the
outer membrane [32]. In agreement with the TEM observations, analyses of OMVs by
dynamic light scattering (DLS) showed a quite homogeneous size-distribution, with the
majority of the vesicles (>97%) between 16 and 44 nm in diameter (Figure 1E). We used
a previously described TEM-based approach [42] to determine the number of vesicles in
our preparations. Yields of approximately 1.6x1012 OMVs per mL of bacterial culture were
routinely obtained.

2.2. Identification of the Most Abundant Proteins in Phdp MT1415 OMVs

To identify the main protein components of Phdp OMVs, crude preparations of vesicles
were subjected to SDS-PAGE and the main protein bands were excised, trypsinized, and
subjected to mass spectrometry. The protein profile of crude MT1415 OMVs is shown in
Figure 2A, and the identities of the most abundant proteins are listed in Table 1.

As expected, the majority of the identified proteins correspond to proteins predicted to
be associated with the outer membrane of Phdp, including eight outer membrane proteins
(Omp) with molecular weights ranging from 18.8 to 42.3 kDa (bands H-M), a 64.4 kDa
TonB-dependent receptor (band E), and two outer membrane lipoproteins (bands N and
O). Additionally, the vesicles also contained four uncharacterized proteins, including a
putative lipase (band B), an Ig-like domain-containing protein (band C), a domain of
unknown function 3466-containing protein (band D), and a protein with homology to
the insecticidal cry toxins (band G). In band G, the recently characterized peptidoglycan
hydrolase PnpA was also identified [24]. Finally, the vesicles also contained the well-
characterized apoptogenic toxin AIP56 (bands A and F) [22,23]. Considering the molecular
weight of AIP56 (56.2 kDa), it is likely that band A corresponds to an SDS-resistant AIP56
dimer. BLAST analysis using the identified proteins as queries revealed that, with the
exception of AIP56, the most abundant proteins present in Phdp OMVs are conserved in
the closely related subspecies Photobacterium damselae subsp. damselae (Table 1).

Previous studies have shown that AIP56 and PnpA are soluble proteins abundantly
secreted into the extracellular medium by the T2SS of Phdp [24,25]. Neither AIP56 nor PnpA
possess transmembrane domains and, therefore, their presence in crude OMVs could result
from the entrapment of the periplasmic pools of the proteins during vesicle formation.
Alternatively, the small amounts of AIP56 and PnpA found in crude OMVs might simply
represent adsorbed material or aggregates that co-sediment with the vesicles. To clarify
this, OMVs were further purified by Histodenz density gradient centrifugation. In this
method, soluble proteins stay at the bottom of the gradient, whereas proteins strongly
associated with lipids float and are recovered in the upper fractions. In the gel shown in
Figure 2B, the OMVs-containing fractions (fractions 5–9) can be identified by the presence
of several bona fide outer membrane proteins (e.g., bands E, L, and M). In contrast, the bulk
of AIP56 and PnpA was recovered in the bottom of the gradient (fractions 10–12 and pellet),
suggesting that the majority of AIP56 and PnpA found in crude OMVs are not associated
with the vesicles. There was, however, a small pool of both proteins that floated with OMVs.
To determine whether these pools are located in the vesicles lumen or represent proteins
adsorbed to the outer surface of the vesicles, fractions 5–7 were pooled and subjected to a
protease protection assay (Figure 2C,D). OMVs were left untreated or were treated with
Triton X-100 (TX-100), incubated with proteinase K (PK), as indicated, and analyzed by
SDS-PAGE and Western blotting, using anti-AIP56 and anti-PnpA antibodies. As shown in
Figure 2C, in the absence of detergent, the integral membrane proteins TonB-dependent
receptor (band E) and Omp proteins (bands H, I, and L) were protected from PK digestion
(Figure 2C, lane 2) but were readily degraded by the protease after the solubilization of the
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OMVs with TX-100 (Figure 2C, lane 3). In contrast, the treatment of intact OMVs with PK
resulted in the total degradation of AIP56 (lane 2 in Figure 2C,D—upper panel), indicating
that this protein is adsorbed to the external surface of the vesicles. A similar result was
obtained for PnpA. Indeed, PnpA is also accessible to PK in intact OMVs (Figure 2D—lower
panel, lane 2), although in this case, proteolysis is not complete—the protein is clipped
by 1–2 kDa by PK, a property that reflects intrinsic resistance of PnpA to the protease, as
assessed by its behavior in detergent-solubilized OMVs treated with the protease (Figure 2D,
lower panel, lane 3).
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Figure 2. Phdp OMVs protein profile. (A) Coomassie Blue-stained SDS-PAGE gel of crude OMVs 
from Phdp strain MT1415. The gel was loaded with 8 μL of crude OMVs, which correspond to 30 
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Figure 2. Phdp OMVs protein profile. (A) Coomassie Blue-stained SDS-PAGE gel of crude OMVs
from Phdp strain MT1415. The gel was loaded with 8 µL of crude OMVs, which correspond to
30 mL of a late exponential culture (OD600nm of 0.9). The indicated bands correspond to the proteins
identified by mass spectrometry (see Table 1). (B) The bulk of the T2SS-dependent proteins AIP56
and PnpA present in crude OMVs are not associated with the vesicles. Crude MT1415 OMVs were
floated in a discontinuous Histodenz gradient, comprising 50, 40, 20, and 0% Histodenz solution, as
indicated. Crude OMVs were loaded at the bottom and fractions were collected from top to bottom.
(C) AIP56 and PnpA proteins that remain associated with OMVs after floating purification step
are located on the outside of the vesicles. Fractions 5–7 of floated OMVs were pooled, either left
untreated or treated with proteinase K (PK) in the presence or absence of Triton X-100 (TX-100), and
subjected to 15% SDS-PAGE followed by Coomassie staining. The asterisk indicates a protein that
is intrinsically resistant to PK digestion. (D) Immunoblotting analysis of the samples from panel C
using anti-AIP56 and anti-PnpA antibodies. Letters between brackets in panels (B–D) correspond to
the bands indicated in panel (A). Numbers at the left or right-side of gels/membranes indicate the
position and mass of the molecular weight markers (MWM), in kDa.
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Table 1. Identity of the most abundant proteins of crude MT415 OMVs. Bands A–O correspond to
the gel bands in Figure 2. Bands D–F were identified by PMF/MALDI-TOF and the remaining bands
by LC-MS/Orbitrap.

Band NCBI Accession
Number

Relative
Abundance 1 MW (kDa) 2 Signal Peptide 3 Description

Present/Absent
in subsp.

damselae 4

A WP_012954632.1 93.0% 56.2 Sec/SPI Apoptosis-inducing
protein (AIP56) Absent

B WP_044175038.1 79.7% 82.7 Sec/SPII Lipase Present

C WP_094461548.1 81.0% 83.1 Sec/SPII Ig-like domain
containing protein Present

D WP_044175643.1 na 70.8 Sec/SPI DUF3466 family
protein Present

E WP_044179093.1 na 64.4 Sec/SPI TonB-dependent
receptor Present

F WP_012954632.1 na 56.2 Sec/SPI Apoptosis-inducing
protein (AIP56) Absent

G WP_044178512.1
WP_044176547.1

69.6%
28.8%

55.1
60.2

Sec/SPI
Sec/SPI

NlpC/P60
endopeptidase

(PnpA)
Insecticidal

delta-endotoxin
Cry8Ea1 family

protein

Present
Present

H WP_044174887.1 92.0% 32.7 Sec/SPI OmpA family protein Present

I WP_044174816.1 99.8% 33.7 Sec/SPI OmpA family protein Present

J WP_044176214.1
WP_044174887.1

33.3%
33.2%

42.3
32.7

Sec/SPI
Sec/SPI

Omp transport
protein

OmpA family protein

Present
Present

K WP_044179308.1
WP_094461570.1

61.4%
35.4%

20.5
19.6

Sec/SPI
Sec/SPI

TIGR04219 family
outer membrane

beta-barrel protein
Outer membrane

beta-barrel protein

Present
Present

L WP_094461570.1 98.0% 19.6 Sec/SPI Outer membrane
beta-barrel protein Present

M WP_044178211.1 87.8% 18.8 Sec/SPI Outer membrane
beta-barrel protein Present

N WP_081282903.1 64.3% 13.6 Sec/SPII
Glycine zipper 2TM
domain-containing

protein
Present

O WP_044177989.1 na 7.0 Sec/SPII
Lpp/OprI family

alanine-zipper
lipoprotein

Present

1 For bands A–C and G–N, in which multiple proteins were identified with statistical confidence, the hits with
>20% relative abundance are listed. 2 For proteins with a predicted signal peptide, the indicated molecular
weight corresponds to the mature form. 3 Signal peptides were predicted with SignalP 6.0 (https://services.
healthtech.dtu.dk/service.php?SignalP-6.0, accessed on 10 January 2023). 4 Presence/absence of the proteins in
Photobacterium damselae subsp. damselae was determined using BLAST—The Basic Local Alignment Search Tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 10 January 2023). na—not applicable.

2.3. Large Amounts of OMVs Are Also Secreted In Vitro by the Phdp Strain PP3 and by Two Field
Isolates of Phdp

To investigate whether the shedding of large numbers of OMVs is a general feature of
Phdp, we investigated vesicle production in a Japanese strain (PP3) isolated from Seriola
quinqueradiata and in two field isolates recovered in 2019 from diseased Dicentrarchus labrax
and Sparus aurata in Greece and Spain, respectively (see Table 2). Crude preparations
of OMVs from these strains were obtained and analyzed by TEM, DLS, and SDS-PAGE
(Figure 3). TEM analyses (Figure 3A) showed that PP3, SPSA19-2, and GRDL19-1 produce

https://services.healthtech.dtu.dk/service.php?SignalP-6.0
https://services.healthtech.dtu.dk/service.php?SignalP-6.0
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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OMVs morphologically similar to the ones obtained from the MT1415 strain (see Figure 1)
and DLS revealed a similar size distribution for the OMVs of all strains/isolates (Figure 3B).
Additionally, SDS-PAGE revealed that the most abundant OMVs-associated proteins are
common to all four strains (Figure 3C). There are, however, slight differences between the
polypeptide compositions of OMVs from the different strains, particularly in SPSA19-2 and
PP3. The identities of the extra minor protein bands present in the OMVs of these strains
remain unknown. Nevertheless, these results indicate that the production of large numbers
of OMVs in vitro is not a strain-specific characteristic but rather a general property of Phdp.

Table 2. Phdp strains used in this study.

Strain Species of Isolation Geographical Origin Year

MT1415 Dicentrarchus labrax Italy Unknown
PP3 Seriola quinqueradiata Japan Unknown

GRDL19-1 Dicentrarchus labrax Greece 2019
SPSA19-2 Sparus aurata Spain 2019
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Figure 3. OMVs are produced by the Japanese Phdp strain PP3 and by field isolates of Phdp. (A) TEM
of negatively stained crude OMVs from strains SPSA19-2, GRDL19-1, and PP3. (B) Dynamic light
scattering analysis of the particle size distribution of purified OMVs. Each line corresponds to the
average of two independent measurements of the same OMVs preparation. (C) SDS-PAGE analysis
of crude OMVs. Samples were subjected to SDS-PAGE/Coomassie Blue staining. Each lane contains
OMVs equivalent to 30 mL of a late exponential bacterial culture (OD600nm of 0.9). Numbers at the
left indicate the position and mass of the molecular weight markers, in kDa.

2.4. Phdp Releases OMVs during Infection In Vivo

The observation that Phdp releases large amounts of OMVs during in vitro culture
prompted us to investigate whether the same is true in vivo during host infection. To
achieve this, ultrathin sections of spleens collected from sea bass infected with the Phdp
field isolate GRDL19-1 were analyzed by conventional TEM. The spleen was selected for
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this analysis because it is one of the most affected organs in Phdp infections [11,43]. As
shown in Figure 4A–D, large numbers of bacteria were observed in the spleen sections of
infected fish. Analyses of the samples at higher magnifications revealed the presence of
many small vesicles in the vicinity of bacteria, some of which seem to be budding out from
the bacterial cells (Figure 4(A1–D1,A2–D2)). These results suggest that Phdp releases OMVs
in vivo in infected hosts.
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Figure 4. Phdp releases OMVs during in vivo infection. Representative TEM images of ultrathin
sections of spleens from sea bass experimentally infected with the Phdp field isolate GRDL19-1,
showing bacterial cells shedding high numbers of OMVs (A–D). The middle and right pictures
(labeled with 1 and 2) show higher magnifications of the white squared areas. Black arrows indicate
fully formed OMVs and white arrows indicate vesicles budding out from the outer membrane of
bacterial cells.

2.5. OMVs Protect Phdp from the Bactericidal Activity of Fish Antimicrobial Peptides

Previous work with Gram-negative pathogens have shown that OMVs can protect
bacterial cells from noxious environmental agents that target the bacterial outer membrane,
such as antibiotics, bacteriophages, and antimicrobial peptides (AMPs) [44–48]. Consider-
ing that fish AMPs have key roles in the innate immune response and are crucial for the
first line of defense against a wide variety of pathogens [49,50], we asked whether Phdp
OMVs could protect the bacteria from the bactericidal activity of piscidin 1 and piscidin 2,
two recently characterized antimicrobial peptides from sea bass [51]. For this, we incubated
Phdp MT1415 cells in TSB-1 containing the inhibitory concentrations of sea bass piscidin 1
or piscidin 2, in the presence or absence of OMVs, and evaluated bacterial growth by mea-
suring the optical density at 600 nm (OD600nm) overtime and by plating the serial dilutions
of the cultures in TSA-1. As expected, in the absence of AMPs, typical growth curves were
obtained in the TSB-1 medium, whereas a complete growth inhibition was observed in
TSB-1 supplemented with 7.4 or 9.1 µM of piscidin 1 and piscidin 2, respectively (Figure 5).
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Importantly, when the medium containing piscidin 1 or piscidin 2 was supplemented with
crude OMVs prior to inoculation, the bacteria were able to grow (Figure 5), indicating that
Phdp OMVs are able to protect Phdp cells from the bactericidal activity of host AMPs.
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Figure 5. OMVs protect Phdp from the microbicidal activity of sea bass antimicrobial peptides.
Phdp MT1415 was inoculated in TSB-1 (control) or in TSB-1 containing 7.4 or 9.1 µM of sea bass
piscidin 1 (Pisc 1) or piscidin 2 (Pisc 2), respectively, supplemented or not with 0.5 or 2 µL of
MT1415 crude OMVs, corresponding to a supplementation with 5.9 × 1013 or 2.4 × 1014 vesi-
cles/mL. Bacterial growth was analyzed by measuring the OD600nm overtime (A) and by plating
serial 10-fold dilutions of the cultures on TSA-1 plates (B). Results shown are representative of three
independent experiments.

2.6. Vaccination of Sea Bass with OMVs Confers Partial Protection against a Phdp Challenge

To evaluate the vaccine efficacy of Phdp OMVs, we performed vaccination trials in Eu-
ropean sea bass. Since the crude preparations of OMVs from wild type Phdp cannot be used
for vaccination due to the presence of significant amounts of AIP56, an apoptogenic protein
highly toxic for fish [22,23,25,52], we generated MT1415pPHDP10-, an MT1415-derived strain
cured of the aip56-encoding plasmid pPHDP10 [23]. Analysis by TEM (Figure 6A) and DLS
(Figure 6B) confirmed that the OMVs produced by wild type MT1415 and MT1415pPHDP10-

strains were morphologically similar, and SDS-PAGE and western blotting analysis re-
vealed a similar protein profile, except for the lack of AIP56 in MT1415pPHDP10- OMVs, as
expected (Figure 6C).

To assess the vaccine potential of Phdp OMVs, two independent trials were performed,
using two different lots of sea bass. Fish received two injections of either MT1415pPHDP10-

OMVs in PBS, or PBS alone, as control, and were subsequently challenged with the MT1415
strain. As shown in Figure 7A, in both trials, the survival rate in the OMVs-vaccinated
group was significantly higher than that in the PBS control, resulting in RPS values of 35.1
and 38.2% for trials I and II, respectively. In agreement with this, sera from fish immunized
with OMVs have increased levels of anti-MT1415 antibodies (Figure 7B). Interestingly, the
antibodies induced by vaccination with MT1415 OMVs were also able to bind cells from
Phdp GRDL19-1, a recent field isolate from Greece (see Table 2). Altogether, these results
indicate that immunization with Phdp OMVs leads to production of antibodies able to bind
Phdp cells and confers partial protection against Phdp infection.
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Figure 6. OMVs from MT1415pPHDP10- are similar to MT1415 OMVs but do not contain AIP56.
(A) TEM of negatively stained crude OMVs from MT1415 and MT1415pPHDP10- strains. Note the
similar morphology of the vesicles. (B) Crude OMVs from MT1415 and MT1415pPHDP10- have a
similar size distribution. The graph shows the size distribution of crude OMVs from the indicated
strains determined by dynamic light scattering. (C) The protein profile of crude OMVs from the
MT1415pPHDP10- strain is similar to the one of crude wild type OMVs, except for the lack of AIP56.
Crude OMVs were analyzed by SDS-PAGE/Coomassie staining and Western blotting using an
anti-AIP56 antibody. Each lane was loaded with OMVs equivalent to 30 mL (Coomassie Blue) or
7.5 mL (Western blot) of a late exponential culture (OD600nm of 0.9). Numbers at the left-side of
gel/membrane indicate the mass of the molecular weight markers, in kDa.
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Figure 7. Vaccination with Phdp OMVs confers protection against Phdp infection. (A) Kaplan–Meier
survival curves of sea bass vaccinated with MT1415pPHDP10- crude OMVs or injected with PBS
(n = 40 fish/group) and challenged i.p. with Phdp MT1415. Results obtained in two independent
trials (I and II) are shown. Group comparisons were performed by the log-rank test and differences
were considered significant when p < 0.05. (B) Fish vaccinated with MT1415pPHDP10- crude OMVs
had increased levels of anti-Phdp antibodies. Antibodies against UV-killed bacterial cells from Phdp
strains MT1415 or GRDL19-1 were detected by ELISA. Comparisons between antibody levels in sera
from vaccinated fish (n = 20 and n = 17 for Trials I and II, respectively) and PBS controls (n = 20 and
n = 19 for Trials I and II, respectively) were performed using the Mann–Whitney test and differences
were considered significant when p < 0.05.

3. Discussion

In this work, we show that Phdp secretes large numbers of OMVs in vitro and in vivo
and report the isolation and detailed characterization of these vesicles. We further show
that Phdp OMVs are able to protect Phdp cells from the microbicidal activity of host AMPs.
Data suggesting that Phdp OMVs are promising antigens for developing anti-Phdp vaccines
are also provided.

Crude preparations of OMVs were obtained from Phdp culture supernatants using a
simple protocol amenable to scaling up. The TEM and DLS analyses of these preparations
showed that they contain a homogeneous population of vesicles with sizes ranging from
16–44 nm in diameter. The proteomic analysis of crude OMVs from strain MT1415 revealed
that the most abundant proteins present in OMVs are proteins predicted to be components
of the outer membrane, including eight members of the Omp family, a TonB-dependent
receptor, and two small molecular weight lipoproteins. Our data suggest that the major
proteins identified in MT1415 OMVs are also the most abundant ones in the OMVs obtained
from PP3 and two field isolates of the bacterium. However, a few additional minor protein
bands were exclusively detected in the OMVs from SPSA19-2 and PP3, suggesting that the
OMVs’ protein repertoire may vary amongst strains. A detailed proteomic characterization
of the OMVs from different field isolates is needed, not only to define the core proteome
of Phdp OMVs (common to all strains) but also to identify proteins specifically present in
OMVs from field strains that may correspond to hitherto unidentified virulence factors. In-
terestingly, with the exception of AIP56, all proteins identified in Phdp OMVs are conserved
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in the closely related subspecies Photobacterium damselae subsp. damselae (Phdd), a pathogen
of marine animals, including fish, mollusks, crustacea, and cetaceans that can also cause
opportunistic infections with fatal outcomes in humans [53]. Whether Phdd also secretes
large numbers of OMVs remains to be investigated.

The biological functions of many of the proteins contained in Phdp OMVs are currently
unknown. Evidently, additional work is required to determine whether they have some role
in Phdp pathogenicity, and if so, to disclose their pathogenic mechanisms. In particular, it
would be interesting to investigate the biological roles of the OmpA-like proteins identified
in Phdp OMVs, since studies performed in several Gram-negative bacteria have shown
that OmpA-like proteins are often important for the pathogenesis of infection, including
interaction with host tissues to promote host adhesion and invasion, evasion from host
defense mechanisms, and the modulation of immune cells’ functions [54,55]. Likewise,
it would be interesting to investigate the biological role of the Ig-like domain containing
protein identified in Phdp OMVs, because it has been shown that several surface-associated
bacterial Ig-like domain-containing proteins work as adhesins with key roles in host tissue
colonization and infection [56].

Our data show that the secretion of OMVs by Phdp occurs not only during in vitro
growth conditions but also during infection in vivo, suggesting that they may actively
participate in the establishment of infection. While the OMVs produced in vivo look
morphologically very similar to those produced in vitro, their detailed characterization is a
relevant aspect worth pursuing in future studies. Amongst the many important biological
roles attributed to OMVs, it has been proposed that they may facilitate bacterial evasion
from the host immune response by functioning as decoys to protect bacterial cells from
the microbicidal activity of host AMPs [46]. Piscidins are fish-specific AMPs produced
by several species, including European sea bass [51], a species highly susceptible to Phdp.
Piscidins have a crucial role in innate immunity by acting as a first line of defense against
pathogens [50,57]. Amongst sea bass piscidins, piscidins 1–5 have been shown to possess
antimicrobial activity against many Gram-negative and Gram-positive bacterial pathogens,
including Phdp [51], suggesting that they may constitute an important tool used by sea
bass to control bacterial infections. In this work, we found that OMVs isolated from the
culture supernatants of Phdp are able to protect Phdp cells from the bactericidal action of
sea bass piscidin 1 and piscidin 2 in vitro. Based on this observation, we propose that the
OMVs produced by Phdp during host infection may allow the pathogen to counteract the
antimicrobial activity of the piscidins, thereby facilitating the spreading of the bacteria and
the establishment of infection.

Vaccination constitutes the best way to control fish diseases, allowing not only the
reduction of economic losses associated with infectious diseases but also the limiting of the
extensive use of antibiotics in fish farming that leads to the spreading of antibiotic resis-
tance among bacterial species, some of which are pathogenic for humans [58]. Given the
promising characteristics of OMVs for vaccination, we decided to investigate the vaccine
potential of Phdp OMVs. Since crude OMVs from wild type Phdp could not be used for im-
munization due to the presence of the AIP56 toxin, we generated an MT1415-derived strain
that lacked the aip56-encoding plasmid pPHDP10 [23] which was used to obtain OMVs
devoid of AIP56. The immunization of sea bass with these AIP56-negative OMVs induced
the production of anti-Phdp antibodies able to recognize cells not only from the MT1415
strain but also from GRDL19-1. In agreement with the increased anti-Phdp antibodies levels,
immunization with OMVs resulted in a significant protection against experimental infection
with Phdp MT1415, with RPS values ranging from 35–38%. This protection, albeit moderate,
is promising, particularly because OMVs were administered without adjuvant. This is a
major advantage for fish vaccination, because it allows the overcoming of the deleterious
side effects of oil-based adjuvants that affect fish welfare and compromise the quality of
fish products [59–61]. Nevertheless, additional studies are required to further explore the
vaccine potential of Phdp OMVs. In this context, methodologies to manipulate the antigen
content of the OMVs, already developed for other bacteria [39,40], are worth exploring in
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order to remove irrelevant/deleterious antigens and to incorporate components relevant
for protection, as this may result in increased protective efficacy.

4. Materials and Methods
4.1. Bacterial Strains and Culture Conditions

The Photobacterium damselae subsp. piscicida (Phdp) strains used in this study are listed
in Table 2. All strains were cultured at 22–25 ◦C in tryptic soy broth (TSB) or on tryptic
soy agar (TSA) (both from DifcoTM, Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) supplemented with NaCl to a final concentration of 1% (w/v) (TSB-1 and TSA-1,
respectively). Stocks of bacteria were maintained at −80 ◦C in TSB-1 supplemented with
15–30% (v/v) glycerol.

4.2. Generation of a pPHDP10-Negative MT1415 Strain

To obtain AIP56-negative OMVs, we generated an MT1415 derivative lacking the
aip56-encoding plasmid pPHDP10 [23], because despite several attempts, we were unable
to generate an isogenic Phdp mutant lacking the aip56 gene. The pPHDP10 plasmid was
eliminated from the MT1415 strain using the curing agent acriflavine. MT1415 was cul-
tured in TSB-1 at 22 ◦C, overnight (ON) with shaking (160 rpm) and was re-inoculated at
1:200 dilution in TSB-1 with 300 ng/mL acriflavine. Following ON growth at 22 ◦C with
shaking, the culture was re-inoculated in fresh TSB-1 with acriflavine. This last step was
repeated until day 16. At each day, an aliquot of the ON culture was removed, serial-
diluted, and plated on TSA-1 in order to obtain plates with approximately 200 colonies. The
screening of the AIP56+ and AIP56- clones was performed by a blot assay. A nitrocellulose
membrane was placed on the plate and incubated at 22 ◦C for 2 h. The membrane was care-
fully removed and probed with an anti-AIP56 rabbit antibody [23]. Colonies negative for
AIP56 were selected for further testing. The clone used in this study (MT1415pPHDP10-) was
isolated at day 13. The absence of pPHDP10 was confirmed by the agarose gel electrophore-
sis of plasmid DNA, absence of the AIP56 gene by PCR using the primers pair AIP_FW:5′-
GCATGACAGCAATATTTTCT-3′ and AIP_REV: 5′-TTAATTAATGAATTGTGGCG-3′, and
the lack of AIP56 protein expression by the SDS-PAGE/Western blotting analysis of bacte-
rial culture supernatants.

4.3. Isolation of OMVs

Bacteria from −80 ◦C stocks were cultured on TSA-1 for 24–72 h at 25 ◦C, resuspended
in TSB-1 at an OD600nm of 0.5–0.6, inoculated 1:100 in 100 mL of TSB-1, and grown for an
additional 24 h at 25 ◦C with shaking (160 rpm). This culture was then used to inoculate
6 × 800 mL of TSB-1 (in 2 L-Erlenmeyer flasks) at 1:100 dilution, followed by incubation
at 25 ◦C with shaking until an OD600nm of 0.9–1.0 was reached. The culture was then
centrifuged at 3993× g for 30 min at 4 ◦C (Beckman Avanti J-26 XP, rotor JLA-8.1000), the
pellet was discarded, and the supernatant was centrifuged again. The supernatant of this
centrifugation was then filtered through a 0.22 µm pore-size filter to remove any remain-
ing bacterial cells. Cell-free supernatant (~4.5 L) was concentrated 45-fold by tangential
filtration (Vivaflow 200, 100,000 MWCO PES, VF20H4, Sartorius, Goettingen, Germany);
dialyzed against 20 mM Tris pH 8.0, 150 mM NaCl, using the same system; and ultracen-
trifuged ON at 175,000× g, 4 ◦C (Beckman Optima XE 100, rotor SW 32 TI; Ultra-Clear
Tubes, 344058, Beckman Coulter, Brea, CA, USA). The supernatant was discarded and the
pellet (crude OMVs) was resuspended in 1.2 mL 0.9% NaCl, aliquoted, frozen in liquid
nitrogen, and stored at −80 ◦C. The sterility of the crude OMV preparations was confirmed
by plating aliquots on TSA-1.

4.4. Density Gradient Separation

Crude OMVs in floating buffer (20 mM Tris pH 8.0, 150 mM NaCl, 0.5 mM EDTA)
containing 50% (w/v) Histodenz (D2158, Sigma Aldrich) (2.5 mL final volume) were placed
at the bottom of a 13 mL centrifuge tube and overlayed sequentially with 5 mL and 2 mL of
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40% and 20% Histodenz in floating buffer, respectively, and lastly with 2 mL of floating
buffer with no Histodenz. The tube was centrifuged at 160,000× g, ON, in a SW 41 TI
swing-out rotor (Ultracentrifuge Beckman Optima L80-XP) at 12 ◦C. After centrifugation,
11 fractions of 1 mL were collected from the top to the bottom of the gradient using a needle
connected to a peristaltic pump. The remaining solution (~0.5 mL) was collected as fraction
12. Fractions were frozen in liquid nitrogen and stored at −80 ◦C.

4.5. Transmission Electron Microscopy

For negative staining, 7 µL of crude OMVs diluted 1:100 in 0.9% NaCl or of Phdp cells
suspension (obtained by culturing Phdp on TSA-1 for 48 h at 25 ◦C followed by resuspension
in 1% NaCl) were loaded in a Formvar-carbon coated electron microscopy grid and left
to adsorb for 5 min. Excess liquid was gently removed with filter paper and 7 µL of 1%
uranyl acetate were applied to the grid and left for 1 min. Excess liquid was removed as
above, and the grids were allowed to air-dry.

For the conventional electron microscopy of bacteria and OMVs, Phdp colonies ob-
tained by growing on TSA-1 for 24 h or crude OMVs pellets were fixed in 2.5% glutaralde-
hyde, 2% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 24 h, post fixed
in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer, washed in water, stained with
1% uranyl acetate, dehydrated, and embedded in Embed-812 resin (Electron Microscopy
Sciences). Ultrathin sections (40–60 nm thickness) were prepared on a RMC Ultramicro-
tome (PowerTome, Tucson, AZ, USA), mounted on mesh copper grids, and contrasted with
uranyl acetate substitute and lead citrate (both from Electron Microscopy Sciences).

Spleen and head-kidney fragments collected from fish infected with the GRDL19-1
field isolate were processed for conventional electron microscopy following the protocol
described above for bacterial cells and OMVs, except that the fixation time was 48 h and the
post-fixation was performed with 1% osmium tetroxide and 1.5% potassium ferrocyanide
in 0.1 M cacodylate buffer.

All sections were observed under a JEOL JEM 1400 transmission electron microscope
at an acceleration voltage of 80 kV. Images were digitally recorded using a CCD digital
camera Orius 1100W (Gatan Inc., Pleasanton, CA, USA).

4.6. Dynamic Light Scattering

DLS measurements were performed at 25 ◦C using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) equipped with a 4 mW HeNe laser beam with a wavelength of
633 nm and a scattering angle of 173◦. Data were collected and analyzed using the Zetasizer
Software version 7.13. Size measurements were conducted according to the manufacturer’s
instructions, using the “General Mode” analysis model. For data analyses, the viscosity
and refractive index (RI) of 0.9% NaCl solution at 25 ◦C (0.9024 cP and 1.332, respectively)
were used.

Crude OMVs were diluted 1:100 (v/v) in 0.9% NaCl, and 70 µL of the suspension were
added to a single-use polystyrene cuvette with a 10 mm path length (ZEN0040). Results
were automatically calculated by the software using the Stokes–Einstein equation, and
values are reported as the average of three individual measurements. Results were plotted
as size distribution by number.

4.7. SDS-PAGE and Western Blotting

SDS-PAGE was performed using the Laemmli discontinuous buffer system [62] as
described in [23]. OMVs were incubated for 5 min at 95 ◦C in gel loading buffer (50 mM
Tris-HCl pH 8.8, 2% SDS, 0.05% bromophenol blue, 10% glycerol, 2 mM EDTA, and 100 mM
DTT) and subjected to electrophoresis in 14 or 15% denaturing polyacrylamide gels. Pro-
teins in the gels were stained with Coomassie Brilliant Blue R-250 or electroblotted onto
nitrocellulose membranes. Transfer efficiency and protein loading were assessed by Pon-
ceau S staining.
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For Western blotting, membranes were blocked in Tris buffered saline (TBS) containing
5% low-fat powdered milk and 0.1% (v/v) Tween 20 (TBS-T) for 30–60 min at RT followed
by incubation with a rabbit anti-AIP56 [23] or a quail anti-PnpA [24] primary antibody
diluted 1:5000 or 1:10,000 in blocking buffer, respectively. Reactive bands were detected
using anti-rabbit IgG or anti-chicken IgY secondary antibodies conjugated to alkaline
phosphatase (Sigma Aldrich, A9919, and A9171, respectively) diluted 1:10,000, followed by
BCIP/NBT development.

4.8. Protein Quantification

The total protein content of crude OMVs was determined using the bicinchoninic
acid (BCA)-protein assay kit (Pierce, Rockford, IL, USA), following the manufacturer’s
instructions, with the addition of 2% SDS [63]. Briefly, prior to protein quantification,
the vesicles were solubilized with 2% (w/v) SDS for 10 min at RT, followed by 1 h at
65 ◦C. Samples were cooled down at RT for 5–10 min prior to protein quantification. BSA
standards were treated similarly.

4.9. Proteomic Analysis

Selected protein bands were excised from Coomassie Blue stained SDS-PAGE gels of
MT1415 OMVs, reduced with DTT, alkylated with IAA as previously described [64], and
digested with trypsin. The resulting peptides were desalted and concentrated using reverse
phase C18 tips (ZipTips, Millipore) following the manufacturer’s instructions, eluted in
60% ACN/0.1% TFA, and allowed to dry (SpeedVac, Thermo Scientific, Waltham, MA,
USA). The resolubilized peptides were analyzed by MALDI-TOF/TOF mass spectrometry
or by liquid chromatography (LC) coupled to an Orbitrap Q-Exactive mass spectrometer
(Thermo Scientific) using a nano spray ionization source (Easy-Spray, Thermo Scientific).
The peptide mass fingerprint protein identification approach was used for the data acquired
by MALDI-TOF/TOF as previously described [65]. The raw data was analyzed with the
Mascot software (v 2.6.1 Matrix Science, London, UK) using the UniProt database for the
taxonomic selection of Photobacterium (May 2017 release). In LC-Orbitrap, reverse phase
peptide separation was performed with an Ultimate 3000 system (Thermo Scientific) fitted
with a trapping cartridge (Acclaim PepMap C18 100Å, 5 mm× 300 µm i.d., 160454, Thermo
Scientific) in a mobile phase of 2% ACN, 0.1% FA at 10 µL min−1. After 3 min of loading, the
trap column was switched in-line to a PepMap RSLC C18 EASY-Spray analytical column
(Thermo Scientific). Separation was generated by mixing A: 0.1% FA and B: 80% ACN,
0.1% FA. Data acquisition was controlled by Xcalibur 4.0 and Tune 2.8 software (Thermo
Scientific). The mass spectrometer was operated in data-dependent (dd) positive acquisition
mode alternating between a full scan (m/z 300–2000) and the subsequent HCD MS/MS
of the 10 most intense peaks from the full scan (normalized collision energy of 27%). ESI
spray voltage was 1.9 kV. Global settings: lock masses best (m/z 445.12003), lock mass
injection Full MS, chrom. peak width (FWHM) 15 s. Full scan settings: 70 k resolution
(m/z 200), AGC target 3e6, maximum injection time 100 ms. dd settings: minimum AGC
target 1e3, intensity threshold 1e4, charge exclusion (+) unassigned, 1, 5–8, >8, peptide
match preferred, exclude isotopes on, dynamic exclusion 20 s. MS2 settings: microscans
1, resolution 17.5 k (m/z 200), AGC target 1e5, maximum injection time 100 ms, isolation
window 2.0 m/z, isolation offset 0.0 m/z, spectrum data type profile. The raw data were
processed using Proteome Discoverer software (Thermo Scientific) and searched against
the MT1415 entry deposited in NCBI under the accession number PRJNA534205. The
Sequest HT search engine was used to identify tryptic peptides. The ion mass tolerance
was 10 ppm for precursor ions and 0.02 Da for fragment ions. The maximum allowed
missing cleavage sites were set to 2. Cysteine carbamidomethylation was set as a constant
modification. Methionine oxidation and N-terminal protein acetylation were defined as
variable modifications. For bands in which multiple proteins were identified with statistical
confidence (i.e., with at least two unique peptides identified), the relative abundance of
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each protein was calculated by dividing its abundance value by the sum of the abundance
values of all identified proteins.

4.10. Protease Protection Assay

For protease protection assay, a pool of fractions 5, 6, and 7 collected after den-
sity gradient separation was used. OMVs were left untreated (input control) or treated
with 100 µg/mL proteinase K (PK) (Roche Applied Science) for 1 h at RT, with or with-
out prior incubation with 1% (w/v) Triton X-100 (TX-100) for 15 min at 4 ◦C. PK was
inactivated with phenylmethylsulphonyl fluoride (Roche Applied Science) at a final con-
centration of 500 µg/mL. TX-100 was added to the samples at 1% final concentration
and proteins were precipitated with TCA, as previously described [23], and analyzed by
SDS-PAGE/Coomassie Blue staining/Western blotting.

4.11. Determination of OMVs Concentration

The concentration of vesicles in crude OMVs preparations was determined using a
previously described electron-microscopy approach [42], with some modifications. A 2%
(w/v) methylcellulose (25 cP, Sigma-Aldrich) solution was prepared as described in [66]
and diluted in distilled water to obtain a stock solution of 0.4%. To prepare the calibration
solution, 20 nm NanoXact™ gold nanospheres (7.4 × 1011 particles/mL in 2 mM sodium
citrate solution, nanoComposix, San Diego, CA, USA) were centrifuged at 8000× g for
2 h at 4 ◦C, the supernatant was discarded, and the particles were resuspended in an
equal volume of 0.4% methylcellulose in order to maintain the particle concentration, i.e.,
7.4 × 1011 particles/mL. The methylcellulose and calibration solutions were stored at 4 ◦C.
A stock solution of 0.3% uranyl acetate in distilled water was prepared, filtered through a
0.22 µm pore-size filter, and stored at RT.

For quantifying OMV concentrations, a mixture containing 1.11 × 1011 gold parti-
cles/mL and crude OMVs was freshly prepared by mixing 52.5 µL distilled water, 12.5 µL
0.4% methylcellulose, 10 µL crude OMVs diluted 1:2000 in 0.4% methylcellulose, 15 µL
calibration solution, and 10 µL 0.3% uranyl acetate. A drop of 0.5 µL of this mixture was
loaded onto square pattern of 100 mesh copper grids and air-dried. OMVs concentration
was determined in three different batches of crude MT1415 OMVs, and for each batch,
duplicate grids were prepared. Preparations were observed under a JEOL JEM 1400 trans-
mission electron microscope at a magnification of 60,000× and digital images from four
non-adjacent squares were acquired, with at least 20 pictures for each square, using a CCD
digital camera Orius 1100W (Gatan Inc., Pleasanton, CA, USA). Images from each square
were visually inspected using ImageJ [67] and OMVs and gold particles counted manually
until reaching at least 200 OMVs. The total number of OMVs and gold particles counted
in each square were used to estimate the vesicles concentration in the initial crude OMVs
preparation. The concentration of OMVs in each batch was expressed as the mean ± SD of
the concentrations obtained for the four squares of the two duplicated grids.

4.12. AMPs Protection Assay

Sea bass piscidin 1 (Pisc 1) and piscidin 2 (Pisc 2) [51] were synthesized at NZYtech
with 91.45 and 93.08% purity, respectively. MT1415 cultured on TSA-1 for 48 h at 25 ◦C was
suspended in TSB-1 at an OD600nm of 0.5 (corresponding to approximately 6 × 108 CFUs/mL).
This suspension was inoculated 1:100 in TSB-1, TSB-1 containing inhibitory concentrations
of Pisc 1 (7.4 µM) or Pisc 2 (9.1 µM), or TSB-1 containing the same concentrations of Pisc
1 or Pisc 2 but supplemented with 0.5 or 2 µL crude MT1415 OMVs. Aliquots of the
50 µL of the inoculated media were transferred to wells of a 96-well clear flat bottom plate
(Thermofisher), in triplicate, and growth curves were obtained by measuring the OD600nm
during 18 h at 20 min interval in a BioTek Synergy 2 spectrofluorometer (BioTeK U.S.,
Winooski, VT, USA) operating at 25 ◦C with continuous slow shaking. At the end of the
incubation, an aliquot from each well was removed, subjected to serial 10-fold dilutions,
and 5 µL of each dilution was plated on TSA-1 and incubated at 25 ◦C for 24–48 h.
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4.13. Fish

Two different groups of sea bass (Dicentrarchus labrax) with no previous history of
Phdp infection were used in this study. The first group was used for vaccination trial
I and the second for vaccination trial II and for experimental infection with GRDL19-1.
The fish were purchased from commercial hatcheries and maintained in 600 L seawater
aquaria at a temperature of 20 ± 2 ◦C, salinity of 23–28‰, and a photoperiod of 14 h
light:10 h dark. Water quality was maintained with mechanical and biological filtration and
ozone-disinfection. The fish were fed on commercial pellets (Skretting), according to the
supplier’s recommendations. During at least 15 days after receiving the fish, their health
status was monitored by observing external appearance, swimming behavior, and appetite.
The intra-peritoneal (i.p.) injection of vaccines and bacterial inocula was performed under
anesthesia achieved by immersion in 0.03% (v/v) 2-fenoxyethanol, and euthanasia was
performed by immersion in 0.06% (v/v) 2-fenoxyethanol, followed by bleeding. Blood was
collected under anesthesia, and euthanasia was applied immediately after blood collection.
Organs were collected post-mortem. All experimental protocols involving fish were carried
out in accordance with European and Portuguese legislation for the use of animals for
scientific purposes (Directive 2010/63/EU; Decreto-Lei 113/2013) and were licensed by the
DGAV (Lic. 0421/000/000/2021).

4.14. Vaccination Trials

Two independent vaccination trials were performed, using two different lots of fish
(average weight of 28.4 ± 5.3 g and 7.3 ± 1.4 g for Trials I and II, respectively). For each
trial, fish were distributed into two 200 L tanks (n = 60 fish per tank). Vaccination was
performed, in a blind fashion, by i.p. injection with 100 µL PBS containing 10 µL of crude
MT1415pPHDP10- OMVs (corresponding to approximately 25 µg of protein) or with PBS
(as control). After 35–41 days at 20 ◦C, fish received a booster injection with the same
dosage. Twenty fish per group were euthanized at 13–14 days after second immunization
to collect blood for measuring anti-Phdp antibody levels. Seventeen to nineteen days after
second immunization, the remaining 40 fish per group were experimentally infected with
the MT1415 strain, as described in Section 4.15, to assess vaccine efficacy. At challenge day,
water temperature was raised from 20 ± 2 ◦C to 25 ± 1 ◦C. Injected fish were monitored
for 10–16 days, at least four times a day, and mortalities were recorded. Any fish showing
signs of advanced disease (darkening of body color, lethargy, erratic swimming, and loss
of equilibrium) were euthanized and counted as dead. The cumulative probabilities of
survival were analyzed using the Kaplan–Meier survival curves and group comparisons
were performed using the log-rank test. Differences between groups were considered
statistically significant when p < 0.05. Vaccine efficacy was evaluated by determining the
relative percent survival (RPS), as follows: RPS = [1− (% mortality in vaccinated group/%
mortality in control group)] × 100.

4.15. Experimental Infections

For assessing vaccine efficacy, fish were i.p.-infected with the MT1415 strain. Bacte-
rial doses used for challenge in Trials I and II were 3.9 × 107 and 4.5 × 106 CFUs/fish,
respectively. To collect organs for investigating the production of OMVs in vivo, fish were
i.p.-infected with 7.0 × 104 CFUs/fish of the field isolate GRDL19-1.

To prepare the inocula for sea bass infection, bacteria were grown on TSA-1 for 48 h at
25 ◦C, resuspended in TSB-1 to an OD600nm of 0.5, inoculated 1:100 in TSB-1 and grown for
15–16 h at 25 ◦C, 160 rpm, until reaching an OD600nm of 0.9–1.0. The culture was centrifuged
at 3220× g, 20 min, at 4 ◦C, the pellet resuspended in TSB-1 at an OD600nm of 0.7–0.8 and
diluted to achieve the desired bacterial concentration. Injected doses were confirmed by
plating serial dilutions of the inocula on TSA-1.
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4.16. Assessment of Anti-Phdp Antibody Levels

Fourteen or thirteen days after the second immunization in Trials I and II, respectively,
20 fish per group were euthanized, blood collected from the caudal vein, allowed to clot
for 24 h at 4 ◦C, and centrifuged at 5000× g, 5 min, 4 ◦C. Sera were collected and stored
at −80 ◦C.

The content of anti-Phdp antibodies in sera were determined by ELISA. Briefly, 96-well
micro-titer plates were coated with 50 µL of UV-killed MT1415 or GRDL19-1 cells suspended
in 1% NaCl at an OD600nm of 0.8, corresponding to approximately 108 bacterial cells/mL.
Wells were blocked with 200 µL of 2% BSA in phosphate-buffered saline (PBS) containing
0.1% Tween 20 (PBS-T) and were incubated for 2 h at RT with 50 µL of the serum to be tested
diluted 1:4500 in antibody solution (1% BSA in PBS-T). Bound sea bass immunoglobulins
were detected with the mouse anti-sea bass IgM monoclonal antibody WDI3 [68] (1:100 in
antibody solution), followed by a horseradish peroxidase-conjugated rabbit anti-mouse
antibody (Dako P0260; 1:2000 in antibody solution). Finally, 50 µL of Ultrasensitive TMB
solution (ES022, Merck) was added to each well. The reaction was stopped by adding
50 µL of 0.3 M H2SO4 and the absorbance at 450 nm measured in a BioTek Synergy Mx
spectrofluorometer (BioTeK U.S., Winooski, VT, USA). Comparisons between antibody
levels in sera from vaccinated and control groups were performed using the Mann–Whitney
test and differences were considered significant when p < 0.05.

5. Conclusions

Evidence presented in this work show that Phdp secretes high numbers of OMVs
in vitro and in infected hosts. Based on the observation that purified crude OMVs are
able to protect Phdp cells from the bactericidal activity of fish antimicrobial peptides, we
speculate that secretion of OMVs during infection may facilitate the evasion of Phdp from
the host innate immune system, thereby potentiating the establishment and progression
of Phdp infections. Vaccination with crude OMVs, rendered non-toxic by removal of the
toxin AIP56, induced a specific antibody response and resulted in partial protection against
experimental Phdp infection. By disclosing new aspects of Phdp biology, the findings
reported in this work contribute to the understanding of Phdp pathogenicity and provide
the basis for future works on the pathobiology of this pathogen and on practical applications
that may lead to the development of new vaccines able to effectively prevent the negative
impacts caused in aquaculture.

Author Contributions: Conceptualization, A.d.V.; methodology, A.T., J.E.A. and A.d.V.; formal analy-
sis, A.T., I.L., P.N.O. and A.d.V.; investigation, A.T., I.L., J.L., N.M.S.d.S. and A.d.V.; writing—original
draft preparation, A.T.; writing—review and editing, I.L., J.E.A., N.M.S.d.S. and A.d.V.; visualization,
A.T. and A.d.V.; supervision, A.d.V.; project administration, A.d.V.; funding acquisition, N.M.S.d.S.
and A.d.V. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financed by Fundo Europeu de Desenvolvimento Regional (FEDER) funds
through the COMPETE 2020 Operational Program for Competitiveness and Internationalization
(POCI), Portugal 2020, and by Portuguese funds through Fundação para a Ciência e a Tecnolo-
gia/Ministério da Ciência, Tecnologia e Ensino Superior (FCT) in the framework of the project
POCI-01-0145-FEDER-030018 (PTDC/CVT-CVT/30018/2017). This work also received funding from
the European Union’s Horizon Europe research and innovation program under grant agreement
No. 101084651 (project IGNITION). Views and opinions expressed are those of the authors only
and do not necessarily reflect those of the European Union. The European Union cannot be held
responsible for them. AdV was funded by Portuguese national funds through the FCT–Fundação
para a Ciência e a Tecnologia, I.P. and, when eligible, by COMPETE 2020 FEDER funds, under the
Scientific Employment Stimulus–Individual Call 2021.02251.CEECIND/CP1663/CT0016.

Institutional Review Board Statement: Experiments involving fish were carried out in accordance
with European and Portuguese legislation for the use of animals for scientific purposes (Directive
2010/63/EU; Decreto-Lei 113/2013). Experimental protocols were approved by the i3S Animal
Welfare Committee (ORBEA) and were licensed by the DGAV (Lic. 0421/000/000/2021).



Int. J. Mol. Sci. 2023, 24, 5138 19 of 21

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are provided in the manuscript.

Acknowledgments: We acknowledge Hugo Osorio for assistance with the mass spectrometry-based
proteomics that were performed at the i3S Proteomics Scientific Platform, financed by the Portuguese
Mass Spectrometry Network, and integrated in the National Roadmap of Research Infrastructures of
Strategic Relevance (ROTEIRO/0028/2013; LISBOA-01-0145-FEDER-022125). DLS was performed at
i3S Biointerfaces and Nanotechnology Scientific Platform that received Portuguese funds through
project FCT- UIDB/04293/2020, with the assistance of Ricardo Vidal Silva. The transmission electron
microscopy was performed at the i3S Scientific Platform HEMS, a member of the national infras-
tructure PPBI–Portuguese Platform of Bioimaging (PPBI-POCI-01-0145-FEDER-022122), with the
assistance of Ana Rita Malheiro and Rui Fernandes.

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

References
1. Andreoni, F.; Magnani, M. Photobacteriosis: Prevention and diagnosis. J. Immunol Res. 2014, 2014, 793817. [CrossRef] [PubMed]
2. Snieszko, S.F.; Bullock, G.L.; Hollis, E.; Boone, J.G. Pasteurella Sp. from an Epizootic of White Perch (Roccus Americanus) in

Chesapeake Bay Tidewater Areas. J. Bacteriol. 1964, 88, 1814–1815. [CrossRef]
3. Colloca, F.; Cerasi, S. Sparus aurata. Cultured Aquatic Species Information Programme. Available online: https://www.fao.org/

fishery/en/culturedspecies/sparus_aurata/en (accessed on 30 December 2022).
4. Bagni, M. Dicentrarchus labrax. Cultured Aquatic Species Information Programme. Available online: https://www.fao.org/

fishery/en/culturedspecies/dicentrarchus_labrax/en (accessed on 30 December 2022).
5. Colen, R.; Ramalho, A.; Rocha, F.; Dinis, M.T. Solea solea. Cultured Aquatic Species Information Programme. Available online:

https://www.fao.org/fishery/en/culturedspecies/solea_spp/en (accessed on 30 December 2022).
6. Dhirendra, P.T. Seriola quiqueradiata. Cultured Aquatic Species Information Programme. Available online: https://www.fao.org/

fishery/en/culturedspecies/seriola_quinqueradiata/en (accessed on 30 December 2022).
7. Kaiser, J.B.; Holt, J.G. Rachycentron canadum. Cultured Aquatic Species Information Programme. Available online: https:

//www.fao.org/fishery/en/culturedspecies/rachycentron_canadum/en (accessed on 30 December 2022).
8. FAO. FAO Yearbook. Fishery and Aquaculture Statistics 2019/FAO Annuaire. Statistiques des Pêches et de l’Aquaculture 2019/FAO

Anuario. Estadísticas de Pesca y Acuicultura 2019; FAO: Rome, Italy, 2021; 110p.
9. Magariños, B.; Toranzo, A.E.; Romalde, J.L. Phenotypic and pathobiological characteristics of Pasteurella piscicida. Annu. Rev. Fish.

Dis. 1996, 6, 41–64. [CrossRef]
10. Hawke, J.P.; Plakas, S.M.; Minton, R.V.; McPhearson, R.M.; Snider, T.G.; Guarino, A.M. Fish pasteurellosis of cultured striped bass

(Morone saxatilis) in coastal Alabama. Aquaculture 1987, 65, 193–204. [CrossRef]
11. Do Vale, A.; Costa-Ramos, C.; Silva, A.; Silva, D.S.; Gartner, F.; dos Santos, N.M.; Silva, M.T. Systemic macrophage and neutrophil

destruction by secondary necrosis induced by a bacterial exotoxin in a Gram-negative septicaemia. Cell Microbiol. 2007, 9,
988–1003. [CrossRef]

12. Tung, M.-C.; Tsai, S.-S.; Ho, L.-F.; Huang, S.T.; Chen, S.C. An acute septicemic infection of Pasteurella organism in pond-cultured
Formosa snake-head fish (Channa maculata Lacepeda) in Taiwan. Fish. Pathol. 1985, 20, 143–148. [CrossRef]

13. Noya, M.; Magarinos, B.; Toranzo, A.E.; Lamas, J. Sequential pathology of experimental pasteurellosis in gilthead seabream
Sparus aurata. A light- and electron-microscopic study. Dis. Aquat. Org. 1995, 21, 177–186. [CrossRef]

14. Liu, X.; Steele, J.C.; Meng, X.-Z. Usage, residue, and human health risk of antibiotics in Chinese aquaculture: A review. Environ.
Pollut. 2017, 223, 161–169. [CrossRef]

15. Cabello, F.C. Heavy use of prophylactic antibiotics in aquaculture: A growing problem for human and animal health and for the
environment. Environ. Microbiol. 2006, 8, 1137–1144. [CrossRef] [PubMed]

16. Pepi, M.; Focardi, S. Antibiotic-Resistant Bacteria in Aquaculture and Climate Change: A Challenge for Health in the Mediter-
ranean Area. Int. J. Environ. Res. Public Health 2021, 18, 5723. [CrossRef]

17. Ma, J.; Bruce, T.J.; Jones, E.M.; Cain, K.D. A Review of Fish Vaccine Development Strategies: Conventional Methods and Modern
Biotechnological Approaches. Microorganisms 2019, 7, 569. [CrossRef] [PubMed]

18. Lattos, A.; Giantsis, I.A.; Tsavea, E.; Kolygas, M.; Athanassopoulou, F.; Bitchava, K. Virulence Genes and In Vitro Antibiotic Profile
of Photobacterium damselae Strains, Isolated from Fish Reared in Greek Aquaculture Facilities. Animals 2022, 12, 3133. [CrossRef]

19. Baseggio, L.; Silayeva, 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. [CrossRef]

20. Pham, T.H.; Cheng, T.-C.; Wang, P.-C.; Chen, S.-C. Genotypic diversity, and molecular and pathogenic characterization of
Photobacterium damselae subsp. piscicida isolated from different fish species in Taiwan. J. Fish. Dis. 2020, 43, 757–774. [CrossRef]

21. Magarinos, B.; Santos, Y.; Romalde, J.L.; Rivas, C.; Barja, J.L.; Toranzo, A.E. Pathogenic activities of live cells and extracellular
products of the fish pathogen Pasteurella piscicida. J. Gen. Microbiol. 1992, 138, 2491–2498. [CrossRef] [PubMed]

http://doi.org/10.1155/2014/793817
http://www.ncbi.nlm.nih.gov/pubmed/24982922
http://doi.org/10.1128/jb.88.6.1814-1815.1964
https://www.fao.org/fishery/en/culturedspecies/sparus_aurata/en
https://www.fao.org/fishery/en/culturedspecies/sparus_aurata/en
https://www.fao.org/fishery/en/culturedspecies/dicentrarchus_labrax/en
https://www.fao.org/fishery/en/culturedspecies/dicentrarchus_labrax/en
https://www.fao.org/fishery/en/culturedspecies/solea_spp/en
https://www.fao.org/fishery/en/culturedspecies/seriola_quinqueradiata/en
https://www.fao.org/fishery/en/culturedspecies/seriola_quinqueradiata/en
https://www.fao.org/fishery/en/culturedspecies/rachycentron_canadum/en
https://www.fao.org/fishery/en/culturedspecies/rachycentron_canadum/en
http://doi.org/10.1016/S0959-8030(96)90005-8
http://doi.org/10.1016/0044-8486(87)90231-6
http://doi.org/10.1111/j.1462-5822.2006.00846.x
http://doi.org/10.3147/jsfp.20.143
http://doi.org/10.3354/dao021177
http://doi.org/10.1016/j.envpol.2017.01.003
http://doi.org/10.1111/j.1462-2920.2006.01054.x
http://www.ncbi.nlm.nih.gov/pubmed/16817922
http://doi.org/10.3390/ijerph18115723
http://doi.org/10.3390/microorganisms7110569
http://www.ncbi.nlm.nih.gov/pubmed/31744151
http://doi.org/10.3390/ani12223133
http://doi.org/10.1099/mgen.0.000562
http://doi.org/10.1111/jfd.13173
http://doi.org/10.1099/00221287-138-12-2491
http://www.ncbi.nlm.nih.gov/pubmed/1487720


Int. J. Mol. Sci. 2023, 24, 5138 20 of 21

22. Silva, D.S.; Pereira, L.M.G.; Moreira, A.R.; Ferreira-da-Silva, F.; Brito, R.M.; Faria, T.Q.; Zornetta, I.; Montecucco, C.; Oliveira,
P.; Azevedo, J.E.; et al. The Apoptogenic Toxin AIP56 Is a Metalloprotease A-B Toxin that Cleaves NF-κb P65. PLoS Pathog.
2013, 9, e1003128. [CrossRef] [PubMed]

23. Do Vale, A.; Silva, M.T.; dos Santos, N.M.S.; Nascimento, D.S.; Reis-Rodrigues, P.; Costa-Ramos, C.; Ellis, A.E.; Azevedo, J.E.
AIP56, a novel plasmid-encoded virulence factor of Photobacterium damselae subsp. piscicida with apoptogenic activity against sea
bass macrophages and neutrophils. Mol. Microbiol. 2005, 58, 1025–1038. [CrossRef]

24. Lisboa, J.; Pereira, C.; Rifflet, A.; Ayala, J.; Terceti, M.S.; Barca, A.V.; Rodrigues, I.; Pereira, P.J.B.; Osorio, C.R.; García-del Portillo, F.;
et al. A Secreted NlpC/P60 Endopeptidase from Photobacterium damselae subsp. piscicida Cleaves the Peptidoglycan of Potentially
Competing Bacteria. mSphere 2021, 6, e00736-20. [CrossRef]

25. Do Vale, A.; Pereira, C.; Osorio, C.R.; dos Santos, N.M.S. The Apoptogenic Toxin AIP56 Is Secreted by the Type II Secretion System
of Photobacterium damselae subsp. piscicida. Toxins 2017, 9, 368. [CrossRef]

26. Abushattal, S.; Vences, A.; Osorio, C.R. A virulence gene typing scheme for Photobacterium damselae subsp. piscicida, the causative
agent of fish photobacteriosis, reveals a high prevalence of plasmid-encoded virulence factors and of type III secretion system
genes. Aquaculture 2020, 521, 735057. [CrossRef]

27. Abushattal, S.; Vences, A.; Dos Santos, N.M.S.; do Vale, A.; Osorio, C.R. Draft Genome Sequences of Photobacterium damselae
subsp. piscicida SNW-8.1 and PP3, Two Fish-Isolated Strains Containing a Type III Secretion System. Microbiol. Resour. Announc.
2019, 8, e00426-19. [CrossRef]

28. Abushattal, S.; Vences, A.; Osorio, C.R. A Highly Unstable and Elusive Plasmid That Encodes the Type III Secretion System Is
Necessary for Full Virulence in the Marine Fish Pathogen Photobacterium damselae subsp. piscicida. Int. J. Mol. Sci. 2022, 23, 4729.
[CrossRef] [PubMed]

29. Sartorio, M.G.; Pardue, E.J.; Feldman, M.F.; Haurat, M.F. Bacterial Outer Membrane Vesicles: From Discovery to Applications.
Annu. Rev. Microbiol. 2021, 75, 609–630. [CrossRef] [PubMed]

30. Schwechheimer, C.; Kuehn, M.J. Outer-membrane vesicles from Gram-negative bacteria: Biogenesis and functions. Nat. Rev.
Microbiol. 2015, 13, 605–619. [CrossRef] [PubMed]

31. Tiku, V.; Tan, M.-W. Host immunity and cellular responses to bacterial outer membrane vesicles. Trends Immunol. 2021, 42,
1024–1036. [CrossRef] [PubMed]

32. Toyofuku, M.; Nomura, N.; Eberl, L. Types and origins of bacterial membrane vesicles. Nat. Rev. Microbiol. 2019, 17, 13–24.
[CrossRef]

33. Prior, J.T.; Davitt, C.; Kurtz, J.; Gellings, P.; McLachlan, J.B.; Morici, L.A. Bacterial-Derived Outer Membrane Vesicles are Potent
Adjuvants that Drive Humoral and Cellular Immune Responses. Pharmaceutics 2021, 13, 131. [CrossRef]

34. Anand, D.; Chaudhuri, A. Bacterial outer membrane vesicles: New insights and applications. Mol. Membr. Biol. 2016, 33, 125–137.
[CrossRef] [PubMed]

35. Micoli, F.; MacLennan, C.A. Outer membrane vesicle vaccines. Semin. Immunol. 2020, 50, 101433. [CrossRef] [PubMed]
36. Feavers, I.M.; Maiden, M.C.J. Recent Progress in the Prevention of Serogroup B Meningococcal Disease. Clin. Vaccine Immunol.

CVI 2017, 24, e00566-16. [CrossRef]
37. Tan, K.; Li, R.; Huang, X.; Liu, Q. Outer Membrane Vesicles: Current Status and Future Direction of These Novel Vaccine

Adjuvants. Front. Microbiol. 2018, 9, 783. [CrossRef]
38. Amanda Izeli, P.; Elizabeth De, G. Outer Membrane Vesicles: A Challenging Yet Promising Platform for COVID-19 Vaccines. In

COVID-19 Vaccines—Current State and Perspectives; Ibrokhim, Y.A., Ed.; IntechOpen: Rijeka, Croatia, 2022; p. Ch. 7.
39. Irene, C.; Fantappiè, L.; Caproni, E.; Zerbini, F.; Anesi, A.; Tomasi, M.; Zanella, I.; Stupia, S.; Prete, S.; Valensin, S.; et al. Bacterial

outer membrane vesicles engineered with lipidated antigens as a platform for Staphylococcus aureus vaccine. Proc. Natl. Acad. Sci.
USA 2019, 116, 21780–21788. [CrossRef]

40. Gerritzen, M.J.H.; Martens, D.E.; Wijffels, R.H.; van der Pol, L.; Stork, M. Bioengineering bacterial outer membrane vesicles as
vaccine platform. Biotechnol. Adv. 2017, 35, 565–574. [CrossRef]

41. Park, S.B.; Jang, H.B.; Nho, S.W.; Cha, I.S.; Hikima, J.; Ohtani, M.; Aoki, T.; Jung, T.S. Outer membrane vesicles as a candidate
vaccine against edwardsiellosis. PLoS ONE 2011, 6, e17629. [CrossRef]

42. Hacker, C.; Asadi, J.; Pliotas, C.; Ferguson, S.; Sherry, L.; Marius, P.; Tello, J.; Jackson, D.; Naismith, J.; Lucocq, J.M. Nanoparticle
suspensions enclosed in methylcellulose: A new approach for quantifying nanoparticles in transmission electron microscopy. Sci.
Rep. 2016, 6, 25275. [CrossRef]

43. Toranzo, A.E.; Barreiro, S.; Casal, J.F.; Figueras, A.; Magarinos, B.; Barja, J.L. Pasteurellosis in cultured gilthead seabream (Sparus
aurata): First report in Spain. Aquaculture 1991, 99, 1–15. [CrossRef]

44. Manning, A.J.; Kuehn, M.J. Contribution of bacterial outer membrane vesicles to innate bacterial defense. BMC Microbiol. 2011,
11, 258. [CrossRef] [PubMed]

45. Reyes-Robles, T.; Dillard, R.S.; Cairns, L.S.; Silva-Valenzuela, C.A.; Housman, M.; Ali, A.; Wright, E.R.; Camilli, A. Vibrio cholerae
Outer Membrane Vesicles Inhibit Bacteriophage Infection. J. Bacteriol. 2018, 200, e00792-17. [CrossRef] [PubMed]

46. Balhuizen, M.D.; Dijk, A.v.; Jansen, J.W.A.; Lest, C.H.A.v.d.; Veldhuizen, E.J.A.; Haagsman, H.P.; Dunman, P. Outer Membrane
Vesicles Protect Gram-Negative Bacteria against Host Defense Peptides. mSphere 2021, 6, e00523-21. [CrossRef]

47. Kulkarni, H.M.; Nagaraj, R.; Jagannadham, M.V. Protective role of E. coli outer membrane vesicles against antibiotics. Microbiol.
Res. 2015, 181, 1–7. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.ppat.1003128
http://www.ncbi.nlm.nih.gov/pubmed/23468618
http://doi.org/10.1111/j.1365-2958.2005.04893.x
http://doi.org/10.1128/mSphere.00736-20
http://doi.org/10.3390/toxins9110368
http://doi.org/10.1016/j.aquaculture.2020.735057
http://doi.org/10.1128/MRA.00426-19
http://doi.org/10.3390/ijms23094729
http://www.ncbi.nlm.nih.gov/pubmed/35563122
http://doi.org/10.1146/annurev-micro-052821-031444
http://www.ncbi.nlm.nih.gov/pubmed/34351789
http://doi.org/10.1038/nrmicro3525
http://www.ncbi.nlm.nih.gov/pubmed/26373371
http://doi.org/10.1016/j.it.2021.09.006
http://www.ncbi.nlm.nih.gov/pubmed/34635395
http://doi.org/10.1038/s41579-018-0112-2
http://doi.org/10.3390/pharmaceutics13020131
http://doi.org/10.1080/09687688.2017.1400602
http://www.ncbi.nlm.nih.gov/pubmed/29189113
http://doi.org/10.1016/j.smim.2020.101433
http://www.ncbi.nlm.nih.gov/pubmed/33309166
http://doi.org/10.1128/CVI.00566-16
http://doi.org/10.3389/fmicb.2018.00783
http://doi.org/10.1073/pnas.1905112116
http://doi.org/10.1016/j.biotechadv.2017.05.003
http://doi.org/10.1371/journal.pone.0017629
http://doi.org/10.1038/srep25275
http://doi.org/10.1016/0044-8486(91)90284-E
http://doi.org/10.1186/1471-2180-11-258
http://www.ncbi.nlm.nih.gov/pubmed/22133164
http://doi.org/10.1128/JB.00792-17
http://www.ncbi.nlm.nih.gov/pubmed/29661863
http://doi.org/10.1128/mSphere.00523-21
http://doi.org/10.1016/j.micres.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26640046


Int. J. Mol. Sci. 2023, 24, 5138 21 of 21

48. Duperthuy, M.; Sjöström, A.E.; Sabharwal, D.; Damghani, F.; Uhlin, B.E.; Wai, S.N. Role of the Vibrio cholerae Matrix Protein Bap1
in Cross-Resistance to Antimicrobial Peptides. PLoS Pathog. 2013, 9, e10036-20. [CrossRef]

49. Valero, Y.; Saraiva-Fraga, M.; Costas, B.; Guardiola, F.A. Antimicrobial peptides from fish: Beyond the fight against pathogens.
Rev. Aquac. 2020, 12, 224–253. [CrossRef]

50. Shabir, U.; Ali, S.; Magray, A.R.; Ganai, B.A.; Firdous, P.; Hassan, T.; Nazir, R. Fish antimicrobial peptides (AMP’s) as essential and
promising molecular therapeutic agents: A review. Microb. Pathog. 2018, 114, 50–56. [CrossRef] [PubMed]

51. Barroso, C.; Carvalho, P.; Carvalho, C.; Santarém, N.; Gonçalves, J.F.M.; Rodrigues, P.N.S.; Neves, J.V. The Diverse Piscidin
Repertoire of the European Sea Bass (Dicentrarchus labrax): Molecular Characterization and Antimicrobial Activities. Int. J. Mol.
Sci. 2020, 21, 4613. [CrossRef] [PubMed]

52. Freitas, I.L.; Teixeira, A.; Loureiro, I.; Lisboa, J.; Saraiva, A.; dos Santos, N.M.S.; do Vale, A. Susceptibility of Sea Bream (Sparus
aurata) to AIP56, an AB-Type Toxin Secreted by Photobacterium damselae subsp. piscicida. Toxins 2022, 14, 119. [CrossRef]

53. Rivas, A.J.; Lemos, M.L.; Osorio, C.R. Photobacterium damselae subsp. damselae, a bacterium pathogenic for marine animals and
humans. Front. Microbiol. 2013, 4, 283. [CrossRef]

54. Confer, A.W.; Ayalew, S. The OmpA family of proteins: Roles in bacterial pathogenesis and immunity. Vet. Microbiol. 2013, 163,
207–222. [CrossRef] [PubMed]

55. Krishnan, S.; Prasadarao, N.V. Outer membrane protein A and OprF: Versatile roles in Gram-negative bacterial infections. FEBS J.
2012, 279, 919–931. [CrossRef] [PubMed]

56. Chatterjee, S.; Basak, A.J.; Nair, A.V.; Duraivelan, K.; Samanta, D. Immunoglobulin-fold containing bacterial adhesins: Molecular
and structural perspectives in host tissue colonization and infection. FEMS Microbiol. Lett. 2020, 368, fnaa220. [CrossRef]

57. Masso-Silva, J.A.; Diamond, G. Antimicrobial peptides from fish. Pharmaceuticals 2014, 7, 265–310. [CrossRef] [PubMed]
58. Miccoli, 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]
59. Villumsen, K.R.; Koppang, E.O.; Christensen, D.; Bojesen, A.M. Alternatives to mineral oil adjuvants in vaccines against Aeromonas

salmonicida subsp. salmonicida in rainbow trout offer reductions in adverse effects. Sci. Rep. 2017, 7, 5930. [CrossRef]
60. Li, J.; Tang, L.; Li, S.; Li, G.; Mo, Z. The efficacy and side-effects of oil-based adjuvants emulsified Vibrio anguillarum bivalent

inactivated vaccine in turbot (Scophthalmus maximus) under production mode. Aquaculture 2020, 524, 735259. [CrossRef]
61. 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. Assoc. Fish Pathol. 2021, 41, 103–110. [CrossRef]
62. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685.

[CrossRef] [PubMed]
63. Morton, R.E.; Evans, T.A. Modification of the bicinchoninic acid protein assay to eliminate lipid interference in determining

lipoprotein protein content. Anal. Biochem. 1992, 204, 332–334. [CrossRef] [PubMed]
64. Gomes, C.; Almeida, A.; Ferreira, J.A.; Silva, L.; Santos-Sousa, H.; Pinto-de-Sousa, J.; Santos, L.L.; Amado, F.; Schwientek, T.;

Levery, S.B.; et al. Glycoproteomic Analysis of Serum from Patients with Gastric Precancerous Lesions. J. Proteome Res. 2013, 12,
1454–1466. [CrossRef]

65. Ferreirinha, P.; Correia, A.; Teixeira-Coelho, M.; Osório, H.; Teixeira, L.; Rocha, A.; Vilanova, M. Mucosal immunization confers
long-term protection against intragastrically established Neospora caninum infection. Vaccine 2016, 34, 6250–6258. [CrossRef]
[PubMed]

66. Griffiths, G.; McDowall, A.; Back, R.; Dubochet, J. On the preparation of cryosections for immunocytochemistry. J. Ultrastruct. Res.
1984, 89, 65–78. [CrossRef] [PubMed]

67. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef] [PubMed]

68. Dos Santos, N.M.S.; Taverne, N.; Taverne-Thiele, A.J.; de Sousa, M.; Rombout, J.H.W.M. Characterisation of monoclonal antibodies
specific for sea bass (Dicentrarchus labrax L.) IgM indicates the existence of B cell subpopulations. Fish. Shellfish Immunol. 1997, 7,
175–191. [CrossRef]

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.

http://doi.org/10.1371/journal.ppat.1003620
http://doi.org/10.1111/raq.12314
http://doi.org/10.1016/j.micpath.2017.11.039
http://www.ncbi.nlm.nih.gov/pubmed/29180291
http://doi.org/10.3390/ijms21134613
http://www.ncbi.nlm.nih.gov/pubmed/32610543
http://doi.org/10.3390/toxins14020119
http://doi.org/10.3389/fmicb.2013.00283
http://doi.org/10.1016/j.vetmic.2012.08.019
http://www.ncbi.nlm.nih.gov/pubmed/22986056
http://doi.org/10.1111/j.1742-4658.2012.08482.x
http://www.ncbi.nlm.nih.gov/pubmed/22240162
http://doi.org/10.1093/femsle/fnaa220
http://doi.org/10.3390/ph7030265
http://www.ncbi.nlm.nih.gov/pubmed/24594555
http://doi.org/10.3390/vaccines9020140
http://doi.org/10.1038/s41598-017-06324-7
http://doi.org/10.1016/j.aquaculture.2020.735259
http://doi.org/10.48045/001c.28222
http://doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://doi.org/10.1016/0003-2697(92)90248-6
http://www.ncbi.nlm.nih.gov/pubmed/1443532
http://doi.org/10.1021/pr301112x
http://doi.org/10.1016/j.vaccine.2016.10.056
http://www.ncbi.nlm.nih.gov/pubmed/27814932
http://doi.org/10.1016/S0022-5320(84)80024-6
http://www.ncbi.nlm.nih.gov/pubmed/6544882
http://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://doi.org/10.1006/fsim.1996.0073

	Introduction 
	Results 
	Photobacterium damselae subsp. piscicida MT1415 Strain Secretes Large Numbers of OMVs In Vitro 
	Identification of the Most Abundant Proteins in Phdp MT1415 OMVs 
	Large Amounts of OMVs Are Also Secreted In Vitro by the Phdp Strain PP3 and by Two Field Isolates of Phdp 
	Phdp Releases OMVs during Infection In Vivo 
	OMVs Protect Phdp from the Bactericidal Activity of Fish Antimicrobial Peptides 
	Vaccination of Sea Bass with OMVs Confers Partial Protection against a Phdp Challenge 

	Discussion 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Generation of a pPHDP10-Negative MT1415 Strain 
	Isolation of OMVs 
	Density Gradient Separation 
	Transmission Electron Microscopy 
	Dynamic Light Scattering 
	SDS-PAGE and Western Blotting 
	Protein Quantification 
	Proteomic Analysis 
	Protease Protection Assay 
	Determination of OMVs Concentration 
	AMPs Protection Assay 
	Fish 
	Vaccination Trials 
	Experimental Infections 
	Assessment of Anti-Phdp Antibody Levels 

	Conclusions 
	References

