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Abstract: In the last three decades, the aquaculture sector has experienced a 527% growth, producing
82 million tons for a first sale value estimated at 250 billion USD. Infectious diseases caused by
bacteria, viruses, or parasites are the major causes of mortality and economic losses in commercial
aquaculture. Some pathologies, especially those of bacterial origin, can be treated with commercially
available drugs, while others are poorly managed. In fact, despite having been recognized as a useful
preventive measure, no effective vaccination against many economically relevant diseases exist yet,
such as for viral and parasitic infections. The objective of the present review is to provide the reader
with an updated perspective on the most significant and innovative vaccine research on three key
aquaculture commodities. European sea bass (Dicentrarchus labrax), Nile tilapia (Oreochromis niloticus),
and Atlantic salmon (Salmo salar) were chosen because of their economic relevance, geographical
distinctiveness, and representativeness of different culture systems. Scientific papers about vaccines
against bacterial, viral, and parasitic diseases will be objectively presented; their results critically
discussed and compared; and suggestions for future directions given.

Keywords: adjuvants; aquaculture; experimental challenge; fish immunology; fish welfare; infectious
diseases; vaccines

1. Introduction

Aquaculture has experienced an enormous growth in productive terms, accounting
to >527% in the 1990–2018 time frame. In 2018, aquaculture contributed to approximately
46% of the global total production of aquatic organisms (179 M tons) and 52% of seafood
for human consumption (fish, crustaceans, mollusks, and other aquatic animals, excluding
aquatic mammals, reptiles, seaweeds, and other aquatic plants) [1]. Capture-wise, any
further increment in global productions will have to strictly ensure the preservation of
natural resources, the 59.6% of which is currently being maximally sustainably fished, and
avoid overfishing practices, also because of the severe ecological problems they are linked
to (e.g., damages to coastal and marine ecosystems, alteration of multiple trophic levels,
and algal blooms) [2,3]. Because of the increasing world population and per capita con-
sumption [1,4], aquaculture is expected to continue growing, with conservative projections
estimating 186 M tons production by year 2030 [5].

Commercial aquaculture is impacted by infectious diseases caused primarily by bacte-
ria, viruses, parasites, and, to a lesser extent, fungi. Bacterial diseases can inflict significant
biological, thus economic losses [6–8]. While these are usually controllable with antibi-
otics, the indiscriminate use of these pharmaceuticals is ultimately a threat to human
health because of the development and transfer of resistance mechanisms among bacterial
species, some of which are also human pathogens. Their employment is therefore strongly
regulated in many countries [9].
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Various prevention strategies are currently used such as (i) biocontainment measures
(e.g., quarantine and disease screening of newly introduced fishes) [10], (ii) water treatment
systems (e.g., magnetic, ultraviolet, and ozone sterilization, all practically applicable only in
recirculating systems) [11,12], and (iii) probiotics/prebiotics supplementation for immune
system stimulation and growth promotion [13].

Fish vaccination can prevent or mitigate disease spreading with proven effectiveness
against many relevant pathogens. The vaccine against enteric redmouth disease (caused
by Yersinia ruckeri) developed in 1970s was the first to become commercially available [14],
later followed by vaccines against cold water vibriosis (caused by Aliivibrio salmonicida) [15].
Since then, various vaccines have been developed, commercialized, successfully employed
and reviewed [16,17]. Still, because of their high development and production costs and
general lower efficacy than bacterins, few vaccines exist against viral diseases, and no
commercial vaccines at all are available to date against parasitic diseases [15,18].

This review discusses the most promising and updated state-of-the-art vaccine re-
search on three economically relevant aquaculture commodities chosen because of their
distinct biological traits and geographical distribution as well as for being representative
of different culture systems: European sea bass (Dicentrarchus labrax), Nile tilapia (Ore-
ochromis niloticus), and Atlantic salmon (Salmo salar). From here on, the term “vaccine”
is used to describe any substance used to stimulate the immune response or protect fish
from pathogens, regardless of their classification (i.e., bacterial, viral, and parasitic). A
compilation of mainly experimental formulations against bacterial, viral and parasitic
infections is presented for each species (Tables 1–3; Figures 1–3). Commercial vaccines
were considered only in particular cases (e.g., when a commercial product was adjuvanted
with a recombinant molecule, when the study was of particular interest because of its
large scale or analytical methods, or when commercial and experimental vaccines were
compared). Because it is quite difficult to determine the exact variables affecting vaccine
efficacy [19], multiple factors such as (i) antigen dose, exposure and uptake, (ii) boost im-
munization strategy, (iii) adjuvant inclusion, type and performance, (iv) water temperature,
(v) fish size, (vi) type, virulence, and route of experimental challenge need to be considered
prior to being able to extrapolate fundamental scientific observations. For this reason,
we herein provide readers with the essential procedural elements and findings from the
available literature with the aim of delivering the most comprehensive understanding on
the features and performances of protective vaccines and immunostimulants/adjuvants
and, ultimately, on the fish immune response, a crucial end-point for further science-based
vaccine developments.
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Table 1. Literature regarding experimental and commercial vaccines presented and discussed for European sea bass Dicentrarchus
labrax. Approximate size refers to the fish body weight (BW) at the time of challenge or relative percentage of survival (RPS) calculation,
as stated in or inferred from references. In case of commercial vaccines, the product description was linked. Challenges must be
intended as homologous except when stated otherwise. List of abbreviations: ECPs—extracellular products; LPS—lipopolysaccharide;
rTNFα—recombinant tumor necrosis factor alpha.

Pathogen Vaccine Status Adjuvant Approx. Size (g) Challenge Ref.
Mycobacterium

marinum Experimental MontanideTM ISA 760 VG 50 Yes [20]

M. marinum Experimental No 20 Yes [21]

Tenacibaculum
maritimum Experimental No 30 Yes [22]

T. maritimum Experimental No 5 No [23]

Vibrio anguillarum +
Vibrio ordalii

Commercial
(AquaVac Vibrio Oral) rTNFα 30 Yes [24]

V. anguillarum +
Photobacterium

damselae

Commercial
(AlphaJect 2000™ and

AquaVac™ Vibrio-Pasteurella)
Non-mineral 35 Yes [25]

Betanodavirus Experimental No 2 and 6 Yes (only one exp.
group) [26]

Betanodavirus Experimental No 11 Yes [27]

Betanodavirus Experimental No 6 Yes [28]

Betanodavirus Experimental No 11 Yes [29]

Betanodavirus Experimental No 30 Yes [30]

Betanodavirus Experimental No 6 Yes [31]

Table 2. Literature regarding experimental and commercial vaccines herein presented and discussed for Nile tilapia
Oreochromis niloticus. Approximate size refers to the fish BW at the time of challenge or RPS calculation, as stated in or
inferred from references. In case of commercial vaccines, the product description was linked. Challenges must be intended
as homologous except when stated otherwise.

Pathogen Vaccine Status Adjuvant Approx. Size (g) Challenge Ref.

Streptococcus iniae Experimental No 10 Yes (homologous and
heterologous) [32]

S. iniae Experimental No 40 Yes [33]

S. iniae Experimental No 5 Yes (heterologous) [34]

S. iniae Experimental Oralject™ 13 Yes [35]

S. iniae Experimental No 25 Yes [36]

S. iniae Experimental No 3 and 16 Yes [37]

Streptococcus agalactiae Experimental No 100 Yes [38]

S. agalactiae Experimental No 30 Yes (heterologous) [39]

S. agalactiae Experimental No 30 Yes [40]

Polyvalent (S. agalactiae, S.
iniae, Lactococcus garvieae and

Enterococcus faecalis)

Commercial
( Mevac Aquastrept) MontanideTM IMS 1312 VG 500 and

1-month-old fry Yes [41]

Francisella orientalis Experimental MontanideTM ISA 736A VG 10 Yes [42]

F. orientalis Experimental MontanideTM (oil-based) 15 Yes (heterologous) [43]

F. orientalis Experimental MontanideTM ISA 736A VG 35 Yes [44]

Aeromonas hydrophila Experimental No 55 Yes [45]

A. Hydrophila Experimental No 10 Yes [46]

Flavobacterium columnare Experimental No 9 Yes (heterologous) [47]

Vibrio anguillarum Experimental No 3.5 Yes [48]

Edwardsiella tarda Experimental MontanideTM ISA 763A VG 102 Yes [49]

E. tarda Experimental No 42 Yes [50]

Caligus rogercresseyi Experimental MontanideTM 888 VG 80 No [51]

https://www.seppic.com/en/animal-health/montanide
https://www.msd-animal-health-me.com/products/aquavac-vibrio-oral/
https://aquavet.gr/products/vaccines/alpha-ject-2000/?lang=en
https://www.msd-animal-health-me.com/products/aquavac-vibrio-pasteurella/
https://www.me-vac.com/product/mevac-aquastrept
https://www.seppic.com/en/animal-health/montanide
https://www.seppic.com/en/animal-health/montanide
https://www.seppic.com/en/animal-health/montanide
https://www.seppic.com/en/animal-health/montanide
https://www.seppic.com/en/animal-health/montanide
https://www.seppic.com/en/animal-health/montanide
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ISAV Experimental No 40 Yes [56] 
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Commercial (Virbac-Cen-
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ISAV Experimental IFNa- or IFNc 40 No [58] 
IPNV Experimental No 0.5 and 20 Yes [59] 
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Figure 2. Strategies for vaccine development, administration, and evaluation applied by referenced studies on Nile tilapia
Oreochromis niloticus.

Table 3. Literature regarding experimental and commercial vaccines presented and discussed for Atlantic salmon Salmo salar.
Approximate size refers to the fish BW at the time of challenge or RPS calculation, as stated in or inferred from references.
In case of commercial vaccines, the product description was linked. Challenges must be intended as homologous except
when stated otherwise. List of abbreviations: IFN—interferon; ISAV—infectious salmon anemia virus; IPNV—Infectious
pancreatic necrosis virus; IHNV—infectious hematopoietic necrosis virus; SAV—salmonid alphavirus; PRV—piscine
orthoreovirus; FCA—Freund’s complete adjuvant; FIA—Freund’s incomplete adjuvant.

Pathogen Vaccine Status Adjuvant Approx. Size (g) Challenge Ref.
Tenacibaculum
finnmarkense Experimental Mineral oil 26 Yes (homologous and

heterologous) [52]

Yersinia ruckeri Experimental No 9 Yes [53]

Flavobacterium
psychrophilum Experimental Squalene/alum or

MontanideTM ISA 760 VG 23 Yes [54]

Polyvalent Commercial ( Aquavac® PD7) Paraffin 40 No [55]

ISAV Experimental No 40 Yes [56]

ISAV and Piscirickettsia
salmonis Commercial ( Virbac-Centrovet) Oil 40 No [57]

ISAV Experimental IFNa- or IFNc 40 No [58]

IPNV Experimental No 0.5 and 20 Yes [59]

IHNV NA No 5 g Yes (heterologous) [60]

SAV NA No Post-smolt Yes (heterologous) [61]

PRV
Experimental and commercial

( ALPHA JECT micro® 6)
Paraffin 55 Yes [62]

PRV Experimental No 35 Yes [63]

SAV
Experimental and commercial

( Norvax® Compact PD)
Montanide ISA 763A VG

(only in the latter) 30 Yes [64]

Cryptobia salmositica Experimental No 300 No [65]

Caligus rogercressey Experimental MontanideTM 888 VG 80 Yes [66]

Neoparamoeba perurans Experimental FCA (first immunization)
and FIA (booster) 100 Yes (two, 5-week apart) [67]

Lepeophtheirus salmonis Experimental MontanideTM ISA50 V2 90 Yes [68]

https://www.seppic.com/en/animal-health/montanide
https://www.felleskatalogen.no/medisin-vet/aquavac-pd7-vet-msd-animal-health-592279
https://centrovet.virbac.com/home.html
https://www.felleskatalogen.no/medisin-vet/alpha-ject-micro-6-pharmaq-545965
https://www.msd-animal-health-hub.co.uk/Products/Norvax-CompactPD
https://www.seppic.com/en/animal-health/montanide
https://www.seppic.com/en/animal-health/montanide
https://www.seppic.com/en/animal-health/montanide
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Figure 3. Strategies for vaccine development, administration, and evaluation applied by referenced studies on Atlantic
salmon Salmo salar. For readability purposes, the bath and NGS columns also include cohabitation challenges and microarray
experiments, respectively.

2. Vaccine Research against Diseases in European Sea Bass Dicentrarchus labrax
(Linnaeus 1758)

The bulk of the European sea bass Dicentrarchus labrax economic value comes from
aquaculture [69]. The farming industry is relevant in the Mediterranean basin [16], and
more than 90% of the most recent production statistics (191,003 tonnes) is attributable to few
countries, namely, Turkey, Greece, Egypt, and Spain. The species is particularly susceptible
to mycobacteriosis, tenacibaculosis, vibriosis, photobacteriosis, and viral nervous necrosis
diseases [70]. These disease-causing pathogens have broad host range distribution, increase
the susceptibility to other pathogens, cause high mortality rates, and enormous economic
losses [71–74].

2.1. Bacterial Diseases

Several recent scientific papers are available on European sea bass Dicentrarchus labrax
with regards to vaccine research against bacterial diseases.

A vaccine against Mycobacterium marinum (formerly Mycobacterium balnei), the main
etiological agent of mycobacteriosis, was reported [20]. The avirulent M. marinum iipA::ka
strain that had been previously obtained by mutating one of the genes responsible for
invasion and intracellular persistence (iipA and iipB) [75] was heat-inactivated at 75 ◦C for
60 min. The authors investigated the effect of an adjuvant (70% of MontanideTM ISA 760
VG) and a booster at 30 days post-vaccination (DPV) to a 7.7 × 107 cells/mL suspension.
The formulation was delivered by intraperitoneal (IP) injection to 50.2 g body weight (BW)
sea bass. The challenge consisted of a highly virulent M. marinum Eilat strain; 3.5 × 107 or
6 × 107 bacteria/mL in fish that were immunized once or twice, respectively. At 30 DPV,
only the group receiving a single adjuvanted vaccination was able to mount a specific IgM
response. Over a 120-day period, fish that were vaccinated only once suffered a minor
mortality rate (0–7.2%) together with uninfected specimens; fish that were vaccinated
twice with or without the adjuvant had 15% and 9% mortality, respectively, while such a
discrepancy was not found in corresponding controls (30% and 29% mortality rate). The
significantly poorer yield of the double vaccination + adjuvant protocol was also confirmed
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by nested PCR at 120 days post-challenge (DPC). It must be noted that the vaccine induced
the formation of granulomas prior to the challenge, with the adjuvant and the booster
being correlated with their severity. We highlight the fact that such lesions were free from
live M. marinum and absent in control groups, suggesting that even heat-killed M. marinum
can have adverse effects.

Ziklo et al. [21] described a very similar mycobacterial vaccine in terms of mutant
strain employed and inactivation and administration methods. Here, the vaccine was
compared in performance to a heat-inactivated non-mutant virulent M. marinum and
neither formulation was adjuvanted. On average, fish were smaller (22 g BW) than
those of the previous study. A low (1.5 × 107 Colony-Forming Unit/mL) and a high
(3.8 × 107 CFU/mL) dose were tested in the immunization trial; all animals were chal-
lenged with 3.8 × 107 bacteria/mL of live pathogenic Eilat strain M. marinum and their
mortality recorded for 5 months post-challenge. Regardless of the strain, the vaccination
proved able to confer some degree of protection as immunized fish had a delayed onset
of mortality by at least 2 months post-challenge with respect to controls. While all fish
vaccinated with the wild type strain died during the first 3 months post-challenge, the high
dose of the iipA::kan mutant vaccine resulted in the survival of 77% of fish at the end of
experiment. The same vaccination protocol also provided the fish with a twofold higher
specific antibody titer than any other vaccine type at 30 DPV (pre-challenge). However,
at the end of the experiment, IgM returned to basal levels, suggesting the need of further
actions for ensuring continued protection. We remind readers that in the study from
Ravid-Peretz et al. [20], a booster significantly increased both mortality and infection rates
despite producing an increase in antibody titers. This demonstrates how antibody response
alone is not, by itself, necessarily indicative of the vaccine effectiveness. Furthermore, as
before, non-infected granulomatous lesions were observed in all vaccinated animals before
challenge delivery. Based on these two studies, heat inactivation does not appear to be a
viable technique for the production of vaccines against mycobacteriosis (at least when the
iipA::kan mutant is used as strain) because of its side effects.

The combined effects of three different vaccines and a diet enriched with essential oils
of Echinacea purpurea or Origanum vulgare (1% BW) against Tenacibaculum maritimum were
presented [22]. The antigens consisted of (i) a T. maritimum culture inactivated with 0.5%
formalin (formalin-killed cells (FKC)), (ii) extracellular products (ECPs) concentrated by
dialyses and stored at 55 ◦C until use, and (iii) a crude lipopolysaccharide (LPS) preparation
extracted from the broth culture pellet. All were IP injected (0.1 mg) to 30 g BW D. labrax
and boostered after 14 days. All animals were challenged with virulent T. maritimum at
5 × 108 CFU/mL. Relative level of protection was 0% in the control; 20% and 30% in the
groups fed on E. purpurea and O. vulgare extracts only, respectively; 60% for FKC; 40% for
ECPs; and 50% for LPS. Both vaccine and feed treatments increased the biochemical and
hematological parameters measured, namely, total protein, globulin, and lysozyme activity.
This paper built on previous research published by Salati et al. [23], who had used the same
three formulations and vaccination protocol against tenacibaculosis (injection + booster)
without performing any challenge. In that case, the immunogenicity of the formulations
was only evaluated by the agglutinating antibody titer and in vitro phagocytosis tests, and
both parameters increased after the second immunization. As in the study from Khalil
et al. [22] both FKC- and ECP-based vaccines resulted in significantly increased survival
rates, and because antigens in the two formulations likely differ from one another, we
hypothesize that their simultaneous administration could yield better results by inducing a
more complete protection. This may lead to a formulation similar to that described against
S. iniae for Nile tilapia [34], where the vaccine had been obtained by resuspending formalin-
inactivated cells in a concentrated medium rich in extracellular products (see below).

A promising increase in the effectiveness of a commercial oral vaccine (AquaVac Vibrio
Oral) against Vibrio anguillarum and V. ordalii that had been adjuvanted with a recombinant
sea bass tumor necrosis factor α was described [24]. Three groups of 30 g BW sea bass were
orally administered the commercial vaccine, vaccine + recombinant tumor necrosis factor
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alpha (rTNFα), or vaccine + control P. pastoris (i.e., recombinant protein expression system)
over a 5-day vaccine, 5-day rest, and 5-day vaccine period and the same protocol replicated
4 months later. Three challenges were IP injected at 30, 85, and 118 days after the booster
using V. anguillarum O1 serogroup. At the end of the first challenge, the Relative Percentage
of Survival (RPS) of both vaccinated groups was 50% while the control suffered a 60%
mortality rate. Over the second challenge, fish that had received the TNFα-adjuvanted
vaccine survived with a statistically significant higher rate than those who did not (66%
vs. 23%), while controls reached a 50% mortality rate already by day 3 and 90% by day 10
post-challenge. In the third challenge, the adjuvanted vaccine group recorded an RPS of
84% that the authors defined as “impressive”. The vaccine-only group responded as poorly
as the control (60% mortality at 10 DPC) while the presence of rTNFα fish induced relevant
immune responses, both innate (upregulation of IL-1β, IL-10, and lysozyme mRNA) and
adaptive (increased abundance of intraepithelial DLT15+ leukocytes and promotion of IgT
transcription). This supports the key role of adjuvants and highlights the role of protein
biotechnologies in implementing the field of animal health. Interestingly, disease resistance
was not correlated to titers, as both vaccinated groups displayed a slight increase in specific
IgM against serotypes.

The fundamental role of adjuvants were further demonstrated in a long-term study
by Spinos et al. [25], who compared the efficacy of two commercially available vaccines
against V. anguillarum and Photobacterium damselae subsp. piscicida (Phdp) over 12 months.
AlphaJect 2000™ (inactivated, oil-adjuvanted, injectable) and AquaVac™ Vibrio-Pasteurella
(inactivated, non-adjuvanted, injectable), both containing V. anguillarum and P. damselae
subsp. piscicida, were IP delivered in field and laboratory conditions to fish of approxi-
mately 35 g BW. Following multiple challenges with V. anguillarum (54, 96, 163, 230, and
306 DPV) or Phdp (82, 142, 209, and 287 DPV), the adjuvanted vaccine offered greater
protection against vibriosis than the non-adjuvanted vaccine on four out of 5 trials. Against
photobacteriosis, AlphaJect 2000™ had a lower efficacy than AquaVac™ only in the 4th
trial, and it must be stated that the 1st trial was excluded from statistical analyses due to
exceptionally high mortalities. This was verified also by antibody titers, as the adjuvanted
vaccine was able to mount a greater antibody response than the non-adjuvanted formula-
tion. The only side effect of the adjuvant was the formation of aseptic granulomas persisting
until 290 DPV, a consistent issue in sea bass, as found in Ravid-Peretz et al. [20]. It must be
stated that all batches of fish had received an immersion vaccination at the size of 1.5 g BW,
3.5 months before their transportation to the grow-out unit and the start of the experiment.
However, because the aim of the study was to test two vaccine formulations that only
differed in terms of adjuvant presence, the experimental design was not compromised.

2.2. Viral Diseases

Vaccine research against viral diseases has mostly targeted pathogens belonging to
the Betanodavirus genus (also known as NNV or VERv) that causes viral encephalopathy
and retinopathy; consequently, all papers discussed in the present review are focused on it.

Nuñez-Ortiz et al. described three inactivated vaccines administered through two
immunization routes starting from the highly pathogenic Nodavirus strain 283.2009, geno-
type Red-spotted Grouper Nervous Necrosis Virus (RGNNV) [26]. The immunogens
(6.31 × 107 TCID50/mL) had been subjected to different inactivation methods: formalin
(1% final concentration, 22–25 ◦C for 1 week), β-propiolactone (2%, 37 ◦C for 3 h), and heat
(70 ◦C for 1 h). Immunization also differed depending on the fish BW: 6.3 g average BW
fish received 0.1 mL of the vaccine via IP injection, while 2.1 g average BW fish were immu-
nized by immersion for 2 min at an immunogen final concentration of 106 TCID50/mL. In
addition to standard controls, a group was exposed for 2 min to a bath containing a low
dose (104 TCID50/mL) of live virus. Vaccine performance was analytically verified and
the results are here summarized: (i) Betanodavirus was effectively inactivated by all three
methods; (ii) immunization did not cause any mortality and virus positivity was only found
in the control exposed to live virus; (iii) anti-VERv IgM was present in the serum of all fish,
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regardless of inactivation methods and immunization routes, with formalin and heat being
most effective in eliciting a VERv specific antibody response in IP injected and immersed
fish, respectively; (iv) neutralizing antibodies against RGNNV 283.2009 were only present
in fish injected with the formalin-inactivated VERv, as the serum neutralization assays
clarified; and (v) an increased expression of two antiviral immune response genes (i.e.,
MxA and ISG12) was observed in the gut and head kidney of vaccinated animals, with
statistical significance at 48 h PV. Because of the serological results, only fish vaccinated
with the formalin-inactivated preparation received a homologous challenge according to
the prior immunization route. Vaccinated fish suffered a 52% lower mortality than controls
when injected (RPS of 81.9%), while mortality rates between the immersion immunized and
control groups differed negligibly, accounting to 50% and 52%, respectively (RPS of 1.6%).

Another potential inactivated vaccine based on strain It/411/96, genotype RGNNV,
was recently described [27]. Different from all similar vaccines discussed so far, this
was inactivated by UV treatment at 254 nm (UV-C) with a total dose of 800 mJ/cm2.
Should this method be established, it would be advantageous in terms of convenience,
cost, and safety. The vaccine was IP administered to juvenile fish (10–12 g BW) at a
concentration of 107 TCID50, and blood and head kidney were sampled at 1, 15, and
30 DPV. The homologous challenge of 106 TCID50 delivered via IM injection at 30 DPV to
all animals elicited a survival rate of 66.7% (RPS of 57.9%) in vaccinated fish and 20.8% in
controls. The authors also evaluated the vaccine efficacy in terms of innate and adaptive
responses (significantly lower at 1 DPV and higher at 30 DPV than controls, respectively),
specific antiviral activity, and antibody response (both significantly enhanced at 2 DPC,
as demonstrated by the 30.8-fold change in NNV titer and approximately 2-fold change
in anti-NNV IgM) and transcript profiles of 17 immune-related genes (few changes were
overall observed as only three—mx, isg15, and tcrb—and four—mhc1a, ifn, isg15, and cd8a—
mRNAs had an upregulated expression in the head kidney and brain, respectively). On
one hand, this vaccine proved effective in conferring specific protection, and on the other,
the pathway of action still needs to be clarified as, considering the gene expression data, it
could modulate the responses at the protein level.

A study investigated the ability of inactivated vaccines to offer cross-protections
against RGNNV [28]. The vaccines were prepared from two Betanodavirus isolates, namely,
283.2009 RGNNV and 484.2.2009 SJNNV at 107.80 TCID50 mL−1, inactivated with formalin
(1% v:v) at 22–25 ◦C for 1 week. A volume of 0.1 mL was administered by IP injection
to 6.1 g average BW fish. At 30 DPV all groups were sampled for blood and challenged
by IP injection with 106.80 TCID50/fish of RGNNV 283.2009. The RGNNV vaccine gave
the best results, yielding a cumulative mortality rate of 11.9% and an RPS of 85.6%; the
SJNNV vaccine, despite performing significantly better than the control, resulted in a 61.4%
cumulative mortality, and an RPS of 25.3%. Specific anti-VERv IgM was detected in all
animals vaccinated against RGNNV or SJNNV. However, RGNNV-vaccinated fish had the
highest titers against both the homologous and heterologous serotypes and were the only
experimental group with neutralizing activity against RGNNV 283.2009 antigens.

Based on the last three papers, inactivated vaccines against VERv appear to be partially
effective in protecting animals from lethal challenges when administered intraperitoneally.
Considering other papers herein discussed, it is plausible that adjuvants may confer some
improvements to the above-mentioned vaccines. Furthermore, a multi-strain vaccine
formulation containing the most harmful strains affecting D. labrax could help achieve a
broader protection against heterologous pathogens.

The development of a recombinant vaccine against NNV was recently reported [29].
The immunogen was obtained by having E. coli express the capsid protein of strain
It/411/96, genotype RGNNV. The vaccine formulation included whole bacterial cultures
induced for rNNV overproduction that were administered orally (1010 CFU/g commercial
feed) or by IP injection (0.1 mL of a 1011 CFU/mL lysate) to 11 g average BW fish. All
experimental groups were boosted at 14 DPV, and 30 days later challenged intraperitoneally
with the homologous strain at 106 TCID50. Independently on the administration route,
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this rNNV vaccine was able to confer an RPS of 100%. Blood samples taken immedi-
ately before challenge (30 DPV) demonstrated significantly higher specific IgM titers in
all vaccinated animals than controls, although the intraperitoneal route elicited a greater
antibody response. The mRNAs of six genes involved in innate and adaptive immunity
were modulated in vaccinated animals, although rarely in a significant manner. Overall,
this vaccine seemed promising as there is no need for a purification step of E. coli cultures,
which is a significant advantage cost-wise, and the effectiveness demonstrated also when
administered orally. However, it must be noted that cumulative mortality was very low
also in the controls and that the experimental group consisted of only 2 individuals. Fu-
ture tests employing a more lethal strain as challenge and a greater sample size should
contribute to determining the actual efficacy of this vaccine.

A vaccine with substantial potential in aquaculture consists of recombinant viral-like
particles (VLPs) of NNV, genotype Atlantic Cod Nervous Necrosis Virus (ACNNV), that
are transiently expressed in Nicotiana benthamiana (a plant) or stably integrated into tobacco
BY-2 cells [30]. The authors elaborated from previous studies that had demonstrated
the actual capability of VLPs produced by diverse expression systems (i.e., Sf21 insect
cells, E. coli) to confer some degree of immune protection against NNV-based diseases
in fish [76–78]. The dose of 5 µg rVLP/fish was tested on 30.5 g average BW sea bass by
immunization either via IP or intramuscular (IM) injection. The IM-delivered challenge took
place at 28 DPV with 0.1 mL of 5 × 105 TCID50/mL suspension of live, virulent RGNNV
378/102. Despite the lack of statistical significance of specific anti-NNV antibodies in
fish vaccinated by either routes, suggesting that stimulation occurred at a non-humoral
level (e.g., cellular immunity), mortality in the VLP vaccinated groups was significantly
lower (20.75% in IP- and 7.7–13% in IM-vaccinated groups) than in the controls (57.1%
and 60.8%, respectively). This translates into RPSs of 63.6% and 86.5%, with the IM route
being the most effective between the two. VLP-based vaccines have not entered the market
yet but appear potentially attractive against Betanodavirus due to the results elicited and
their operational safety: neither are they replication-capable (they do not contain any
viral genetic material) nor do they require the use of live virus during the production
stages. From a legislative perspective, this may simplify the regulation and approval
processes. A similar strategy may also be employed for producing vaccines against further
viral pathologies.

It is uncertain whether the lack of antibody response found in Marsian et al. [30] was
actually a false negative result caused by the heterologous antigen (RGNNV) used in the
ELISA assay. However, the oral DNA vaccine described by Valero et al. [31] also failed to
induce specific IgM, highlighting the finding that adaptive immunity may not always be
the most efficient response. Instead, it proved effective in upregulating the gene expression
of cell-mediated cytotoxicity (CMC; tcrb and cd8a, at 7 and 90 DPV) and the interferon
pathway (IFN; ifn, mx, and ifng, at 7, 30, and 90 DPV) signals as well as in conferring
protection to an homologous challenge up to 90 DPV. In this case, the capsid protein gene
from strain It/411/96, genotype RGNNV was cloned in E. coli, purified and encapsulated
in chitosan particles, which were then mixed with commercial pellet food for oral delivery
at an average dose of 10 µg DNA/fish. After the IM injection of 106 TCID50 virus/animal,
the vaccinated group started dying at 21 DPC and had an RPS of 45% at the end of the
challenge, while controls displayed 100% mortality already by 19 or 21 DPC. This was one
of the few studies to evaluate the efficacy of an orally-administered vaccine over the course
of a 3-month period.

2.3. Parasitic Diseases

No papers on vaccines for D. labrax against parasitic infections resulted from a search
conducted on Scopus. Two studies have instead built the foundations for future immuniza-
tion strategies against Amyloodinium ocellatum by elucidating the pathways involved in the
immune response of infected sea bass maintained in aquaponic and aquaculture systems.
The immune system (Interleukin-1 and TNFα), growth (insulin-like growth factor I), ap-
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petite (Neuropeptide Y), and lipid metabolism (peroxisome proliferator-activated receptor
α) all appeared impacted by A. ocellatum when sea bass were reared at 20 ppt salinity, while
no sign of infection was found fish maintained in freshwater [79]. This is not surprising, as
A. ocellatum parasitizes organisms living in brackish and seawater environments.

A high expression of genes related to innate immunity, adaptive immunity and stress
was observed in head kidney (il8, cox-2, casp9, ep, cc1, il10, Trl9, igt, cat) and gills (il8, cox-2,
igt, casp9, cc1, Hep, cla) of infected fish [80].

3. Vaccine Research against Diseases in Nile Tilapia Oreochromis niloticus (Linnaeus 1758)

Nile tilapia Oreochromis niloticus farming industry is developed in tropical and sub-
tropical countries [81] and the most recent production statistics account for 4,199,566 tons,
with China being the world’s biggest producer, consumer, and exporter of tilapia products.
Tilapia has shifted from being recognized as an invasive species to be the second most
farmed fish in the world due to its good adaptability to a wide range of culture conditions
and systems. The species is mostly susceptible to streptococcosis, francisellosis, motile
Aeromonas septicemia, columnaris, vibriosis, and edwardsiellosis [82].

3.1. Bacterial Diseases

Bacterial vaccines of various types have been described for this species. Streptococcal
diseases, for example, are caused by pathogenic species that lead to severe mortality rates
in farmed fish worldwide. Due to their relevance, various experimental vaccines (i.e.,
attenuated, inactivated, and DNA types) have been developed.

Attenuated vaccines against Streptococcus iniae appear to be highly immunogenic. A
formulation, obtained by repeatedly cultivating the pathogen on novobiocin-containing
medium, proved extremely effective at protecting tilapia when injected intraperitoneally
(IP), resulting in 100% and 79–100% RPS against parental and heterologous strains, re-
spectively. The same vaccine also proved efficacious when bath-administered, yielding
an RPS of 86% against the homologous strain. Mortality of unvaccinated controls was
extremely high, ranging between 80 and 100% in IP injected and accounting for 64% in
baths. Serological analysis confirmed significantly higher antibody titers in vaccinated
groups than controls until 60 DPV, when all groups returned to comparable antibody
concentrations. Protection was also conferred by cell-mediated immunity [32].

An attenuated vaccine based on previous research performed on bacterial species
Listeria monocytogenes [83], Staphylococcus aureus [84], Streptococcus gordonii [85], Streptococcus
pneumoniae [86], and Streptococcus suis [87] consisted in the knock-out of the S. iniae srtA
gene coding for a Class A sortase protein, with the resulting mutant being defective in
the anchoring of surface proteins. Following immunization and challenge both injected
intraperitoneally, the srtA knock-out mutant vaccine induced a high level of protection
against parental strain (RPS of 95.5%) [33]. By contrast to the Pridgeon and Klesius
study [32], no challenge with heterologous strains was performed; therefore, it was not
possible to evaluate the possible broader protective immunity.

A promising vaccine against S. iniae was described by Shoemaker et al. [34]. Live
cells were inactivated by formalin and resuspended in a 20× concentrated broth rich in
extracellular products from dead cells. When IP injected, the vaccine induced a significant
protection, with RPSs ranging from 79% to 100% against four heterologous pathogenic
isolates. Mortality in control groups was 1.9 to 2.3 times lower than that resulted from
Pridgeon and Klesius [32] (42% vs. 80–100%). On one hand, this may be indicative of
the lower pathogenicity of the challenge strains and further trials with more pathogenic
S. iniae strains are necessary to determine the actual vaccine effectiveness; on the other,
the level of protection achieved may be sufficient for use in commercial systems. Further
developments may include the addition of adjuvants to improve the immune response or
the application of this technique to different bacterial pathogens. Four years earlier, the
same authors had compared the performances of an inactivated and lyophilized S. iniae
bacterin administered orally or by injection using a patented technology. Orally-treated



Vaccines 2021, 9, 140 11 of 27

fish had a mortality of 17.5–32.5%, which was lower than negative controls (47.5%) but
higher than the IP injected control (0%). The study preliminarily demonstrated that oral
vaccination, although less efficacious than the IP route, could indeed confer some degree of
protection to tilapia [35].

A DNA vaccine against S. iniae was also recently developed by Kayansamruaj et al. [36].
They introduced a streptococcal α-enolase gene in a pCI-neo plasmid and then IM- admin-
istered such pEno construct to 25 g BW Nile tilapia. Compared to controls, which received
an unmodified pCI-neo plasmid or PBS, an increased level of proinflammatory cytokines
(TNFα, COX-2, IL1 β, IL-12β, and IL-13Rα1) as well as S. iniae-specific neutralizing anti-
bodies were reported in vaccinated fishes, demonstrating the involvement of both innate
and adaptive immune response. pEno conferred an overall RPS of 72.5%, while RPS for
pCI-neo and PBS receiving groups were 40% and 25%, respectively.

Passive immunization via sera from previously sub-lethally infected Nile tilapia has
been described for S. iniae. Whole serum was injected either directly (Anti S. iniae serum
(ASI)) or after being heat-inactivated at 65 ◦C for 1 h (Heat-Inactivated Anti-S. iniae (HIASI)).
Positive (natural whole serum from naïve tilapia) and negative (PBS) controls were also
included. All groups were challenged 2 days after immunization: ASI showed no mortality
at all, HIASI suffered a 3.3% mortality rate, and NWS and PBS had statistically similar
mortality rates of 33.3% and 30%, respectively. This experiment was performed on tilapia
of 16.6 g average BW, and body weight appeared to be a key factor to consider for ensuring
optimal immunization; in fact, when tests were repeated on smaller 3.62 g average BW
specimens, the results differed: ASI, HIASI, NWS, and PBS suffered 10%, 6.7%, 53.3%,
and 60% mortality rates, respectively [37]. Despite the demonstrated effectiveness and the
fast acquisition of immunity, it is unlikely that such an approach will ever be viable for
commercial applications due the costs related to the production of sera from living animals.

A DNA vaccine type was also developed against Streptococcus agalactiae. In this case,
a non-pathogenic Salmonella typhimurium strain (SL7207) was transformed with a ~1 kb
fragment of the S. agalactiae Sip (Surface immunogenic protein) codifying gene [38]. The
recombinant bacterium was orally administered at three different concentrations alone and
in combination with one or two boosters delivering the same amount of antigen at 1-week
intervals. The highest concentration of 109 CFU in combination with two boosters yielded
the best survival rate of 57%. Fish were not able to produce anti-Sip antibody after a single
immunization regardless of the antigen dose received, and two boosters were necessary
to induce the highest titer in groups immunized with 108 and 109 CFU at 28 DPV. This
vaccine, though, should not be confused with others based on heterologous live vectors:
in fact, the immunogenic protein-codifying plasmid DNA was not expressed in bacteria,
rather bacterial cells merely acted as DNA carriers for protein expression in animal cells.

Another potentially viable vaccine against S. agalactiae was based on a low-pathogenicity
strain (TFJ0901) attenuated with erythromycin [39]. TFJ-ery was administered by IP in-
jection at different doses to 30 g BW specimens, which were later challenged with the
pathogenic S. agalactiae THN0901 at 4, 8, and 16 weeks post-vaccination (WPV). The two
highest concentrations (5 × 107 and 1 × 108 CFU) consistently proved effective in all
challenge tests, reaching the highest RPSs of 100% and 82%, respectively, at the latest time
point, while control mortality ranged between 88.89% and 48.89%. Significantly higher
antibody titers were found at 2 or 4 WPV with respect to controls.

An attenuated vaccine against S. agalactiae that differed from the previous study in
terms of bacterial strain (HN016), initial pathogenicity, and number of passages performed
(840) was described [40]. IP injection, oral administration, and bath immersion were all
tested at 1 × 108 CFU as immunization, while the virulent parent strain was injected 15 and
30 DPV as challenge. IP injection resulted as the most effective strategy at both time points,
giving RPSs of 96.88% and 93.61%. Oral and immersion modes gave contrasting results
between time points and the former resulted in the highest RPS of 71.81% at 15 DPV. In
further oral trials, higher dosages proved to be significantly more effective at conferring
immunity against parental strain, with the highest levels of protection observed at 1 × 108
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and 1 × 109 CFU/animal, with no statistical difference between the two doses. Furthermore,
an immunization followed by a single booster appeared to be the most effective oral
vaccination protocol. Despite the use of different techniques, both Liu et al. [39] and
Li et al. [40] obtained highly immunogenic attenuated strains, suggesting the viability
of this approach for the production of vaccines against S. agalactiae. We highlight that
antibiotic attenuation was significantly faster, and thus efficient, than repeated passages
(21 vs. 840 passages). The former technique also proved effective against S. iniae [32], even
though novobiocin had been used instead of erythromycin. This suggests that selection
for antibiotic resistance may deserve attention in the search for candidate vaccines against
Streptococcus sp. in tilapia.

A polyvalent vaccine formulated by formalin-inactivating S. iniae, S. agalactiae, Lacto-
coccus garvieae, and Enterococcus fecalis and combining them with a commercial adjuvant
(MontanideTM IMS 1312 VG) was described by Abu-Elala et al. [41]. The vaccine was
delivered by injection to adult tilapia and by immersion to one-month-old fry from vacci-
nated parental fish. In the first case, no challenge occurred, and fish were monitored for
reproductive parameters, with the vaccinated group displaying almost 2× higher larval
production and 60% better larval survival rates. In the second case, a 2 min immersion in a
1:10 vaccine:water mixture protocol conferred protection against IP-delivered challenges
with virulent pathogens, yielding RPSs in the range of 62–80% compared to >60% control
mortality. This easy-to-produce and low-cost vaccine positively impacted survival rates
in challenge trials in a statistically significant manner. Not only did it stimulate the im-
mune system of larvae, but also increased the reproductive performances of broodstock,
therefore providing a twofold advantage that may be relevant for developing countries,
where tilapia is among the most farmed fish species. Developing countries may also benefit
from a similar low-technology route targeting mucosal immunity: when mixed with the
bacterins, the employed adjuvant forms an emulsion that is of the appropriate size for
uptake by skin-associated lymphoid tissue (SALT) and gill-associated lymphoid tissue
(GIALT). In our opinion, further studies should investigate larval production and survival
rates of vaccinated vs. unvaccinated adult specimens to examine the consistency of the
present results, which were probably due to broodstock and offspring having benefitted
from a better health condition and reduced pathogen circulation of pathogens.

A MontanideTM adjuvant, despite being oil- and not micro-emulsion-based, was
also used in the recently described inactivated vaccine formulated against Francisella
noatunensis subsp. orientalis (currently known as F. orientalis [88]), the causative agent of
francisellosis [42]. The highly virulent isolate alp with 0.5% formalin and the suspension
adjuvanted with MontanideTM ISA 736A VG. One-hundred microliters of the vaccine, the
adjuvant alone, or PBS as negative control was IP injected to 10 g average BW tilapia as
immunization. After 840 degrees DPV (equivalent to 31 DPV) (authors’ note: degrees days
is a method for explaining variation in fish growth and/or development by taking temper-
ature into account; it can be used for comparing incubation/growth periods at different
temperatures both within and across species), 4 × 103 CFU of virulent bacteria/fish were
IP injected as homologous challenge. Vaccinated fish were significantly more protected and
displayed no mortality while adjuvant-only and controls suffered mortality rates of 36%
and 63.3%, respectively. Vaccinated fish also were able to mount a systemic IgM specific
response already by 30 DPV (pre-challenge) and displayed the highest titers among all
experimental groups at 40 DPV (post-challenge).

A very similar experimental design was followed by Shahin et al. [43]. They formalin-
inactivated the same F. orientalis STIR-GUS-F2f7 strain, adjuvanted it with MontanideTM,
and investigated its immunogenicity on larger specimens (15 g BW). Following an IP
challenge with different pathogenic isolates, the observed RPS of the vaccinated group
were 82.3% for Fno1 (homologous infection), 69.8% for Fno2, and 65.9% for Fno3, while
the RPS of the adjuvant-only group ranged between 15.6 and 20.9%. As before, serological
analysis showed a significant IgM response only in vaccinated animals.
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The vaccine formulated by Pulpipat et al. [44] shares the methodological features
of the previous two, namely, inactivation method and adjuvant; what differed was the
strain (AOD104086, IP-delivered at a concentration of 108 CFU/fish) and the challenge
routes (IP and immersion). This bacterin proved efficacious in (i) stimulating a specific
IgM response, which at 2 and 6 WPV was higher in treated than control fish, and the
expression of genes related to innate immunity in both spleen and kidney; (ii) protecting
fish in two comparative challenge experiments that induced a similar mortality time-course;
and (iii) lowering the blood bacterial concentration as well as spleen and kidney granuloma
formation, regardless of the challenge route. Taken together, these three studies reveal that
formalin inactivation may offer satisfactory immunogenicity to vaccines against F. orientalis
when combined with oil-based adjuvants, with some evidence of protection even against
heterologous strains albeit weaker than the homologous one.

Both inactivated and attenuated vaccines have been described against Aeromonas
hydrophila. Bactol et al. [45] tested various inactivation protocols consisting in two different
heat treatments (121 ◦C for 15 min in autoclave or direct heating of the culture broth at
100 ◦C for 30 min) and one formalin treatment (0.5% v/v); 0.2 mL of each were supplied by
rectal administration to adult 55 g average BW tilapia specimens which then received an
IM challenge with live A. hydrophila. Recorded RPSs were 90% for both heat-inactivated
vaccines and 86.67% for the formalin-inactivated one. Although differences among RPSs
were not significant because of the high control survival rates (73.34%), antibody titers
were significantly higher in vaccinated groups. We hypothesize that authors opted for
rectal immunization in order to achieve antigen presentation in the posterior intestine,
which is generally the GIT segment involved in antigen uptake; however, this route is
not less distressing for the animal, easier to perform, or cheaper than IP injection, and
it is in fact more difficult than oral immunization or bath vaccination. It is also unclear
whether the lack of statistical significance was caused by an intrinsic ineffectiveness of
the vaccines or the peculiar immunization method chosen. Because of the good results
achieved antibody titer-wise, it is not unconceivable that they might prove more effective
if administered differently.

The attenuated vaccine against A. hydrophila described by Pridgeon and Klesius [46]
was highly effective. The vaccine strains (called AL09-71 N+R, AL09-72 N+R, and AL09-
73 N+R) were obtained by repeatedly sub-culturing three highly pathogenic strains on a
medium containing both novobiocin and rifampicin. Note that the authors could not obtain
useful strains when sub-culturing occurred on either rifampicin or novobiocin alone. Each
strain was IP injected at three doses (2 × 108; 2 × 107; 2 × 106 CFU) to 10.4 g BW tilapia and
all groups were challenged with 2 × 107 CFU of the corresponding parental strain at 14, 28,
and 56 DPV. RPSs were 100% for all groups injected with AL09-71 N+R regardless of the
dosage, which ranged between 89% and 100% for AL079-72 N+R and AL079-73 N+R, with
89% resulting for fish vaccinated with 2 × 107 in both cases. Antibody- and cell-mediated
immunity seemed to be responsible for conferring protection. All unvaccinated groups
suffered 90–100% mortality rates. AL09-71 N+R was also employed in a minimum effective
vaccination dose tests with challenges at 28 DPV, and 2 × 106 CFU was identified as the
lowest dosage conferring an RPS of 100%. As in the S. iniae study from Pridgeon and
Klesius [32], selecting for antibiotics resistance was highly efficacious for developing a very
immunogenic strain; in this case, antibiotic combination proved feasible for attenuating
bacterial species that are not normally attenuated by a single drug. Importantly, these
vaccines were also tested and found effective on channel catfish Ictalurus punctatus, a
species for which two commercial vaccines formulated with rifampicin-resistant strategy
are available [89,90]. Soon, commercial vaccines against A. hydrophila outbreaks in tilapia
might be developed.

Three attenuated vaccine formulations against Flavobacterium columnare, the causative
agent of the columnaris disease, were described by Mohammed et al. [47]. The authors
tested rifampicin-resistant low virulence strains (i.e., FCRR—a genomovar I mutant, and
16–534 and 17–23—genomovar II mutants) against ARS-1 (genomovar I) and BGFS-27
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(genomovar II) parental strains in channel catfish Ictalurus punctatus, zebrafish Danio rerio
and tilapia through a 30-min immersion in a 2 L bath. Tilapia fingerlings, in particular, were
only vaccinated with 17–23 and FCRR at 2.2 × 106 and 7.3 × 106 CFU/mL, respectively.
Observed RPS averaged approximately 80% and the least protection was conferred by FCRR
when challenged by BGFS-27 (RPS of 16.1%). Control groups suffered a 62.4 and 65.9%
mortality rate for ARS-1 and BGFS-27, respectively. Antibiotic resistance was correlated
with low pathogenicity and good immunogenicity for F. columnare as well and 17–23 is the
most promising genomovar mutant for a commercial exploitation because it can confer
some degree of cross-protection to multiple genomovar co-infections, a situation that
usually occurs in fish farms.

The recombinant DNA approach was used in 2016 for developing a subunit vaccine
against Vibrio anguillarum [48]. The vaccine consisted in a recombinant flagellin A protein
(responsible for bacterial motility and related to pathogenicity), IP administered twice over
a 14-day period either alone or 24 h after the injection of a CpG oligodeoxynucleotide
adjuvant to 3.5 gr BW tilapia. Fish treated with both FlaA and the adjuvant displayed an
average 30% higher survival than FlaA alone to the V. anguillarum challenge (65–75% vs.
40% cumulative mortality) compared to the 100% mortality of the control. The recombinant
protein + adjuvant strategy also provided higher agglutination titers and bactericidal
activity, proving as the most effective vaccination strategy. On the downside, the use of
two distinct injections at such a short distance in time likely represents a stressful practice
for the animal and definitely contributes to increasing the procedure costs. A formulation
that contains both the antigen and the adjuvant to be administered in a single injection
would be preferable for a field-deployable vaccine.

Two promising vaccine candidates were developed against Edwardsiella tarda. Cao
et al. [49] used a recombinant GAPDH protein derived from the outer membrane protein
fraction of the congener E. ictaluri as a potential candidate for vaccine development and
compared it to a whole-cell formalin-inactivated formulation. Both recombinant and inacti-
vated formulations were emulsified with MontanideTM ISA 763A VG and IP administered
to 102 g BW specimens. At 90 DPV fish were heterologously challenged with E. tarda
strain OT9805 at 2.56 × 107 CFU/fish: those immunized with both formulations had the
lowest cumulative mortality of 25% and the highest RPS of 71.4% while control mortality
rate was 87.5%. Although being characterized by a greater antibody response at 4 weeks
post-immunization, the GAPDH-only group suffered a higher mortality, while the combi-
nation of inactivated cells + GAPDH appeared to be significantly more effective than the
treatments administered singularly. The mounting of a more complete immune response
directed both towards GAPDH and the antigens on the inactivated cells is desirable, espe-
cially in view of such a cross-protective formulation that might be beneficial to additional
aquaculture-relevant species, either established or novel, that are severely affected by Ed-
wardsiella sp. outbreaks in American, European, and Asian countries, e.g., channel catfish
Ictalurus punctatus, Japanese eel Anguilla japonica, common carp Cyprinus carpio, Chinook
salmon Oncorhynchus tshawytscha, Japanese flounder Paralichthys olivaceus, mullet Mugil
cephalus, yellowtail Seriola gaingu eradiate, and Asian catfish Clarias batrachus [91].

Although not recently published, the work of Igarashi and Iida [50] is worth discussing.
The authors developed an attenuated vaccine against E. tarda vaccine by transposon
mutagenesis of the FPC498 strain (called SPM31), which proved significantly less virulent
than the parent strain because of lowered siderophore production. The performances of
formalin-inactivated and live attenuated SPM31 cells were compared in fish of 42 g average
BW challenged with the parent strain FPC498 at 14, 21, and 28 DPV. While the control
group suffered a 100% mortality rate in all tests, animals that received the inactivated cells
died at a rate of 80–100% and those receiving live attenuated SPM31 cells all survived
and displayed highest antibody titers. It is possible that formalin inactivation destroyed
the immunogenicity of the vaccine and is plausible that such phenomena reduce the
effectiveness of other inactivated vaccines, consistent with what was observed in all the
above-mentioned studies, where attenuated vaccines stimulated a higher immunogenicity
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than inactivated ones. The study would have greatly benefitted from a more in-depth
evaluation of the fish immune response.

3.2. Viral Diseases

Only one peer reviewed publication on antiviral vaccines in tilapia resulted from a
search conducted on Scopus. Criollo-Joaquin et al. [92] describe the first steps towards the
formulation of a DNA vaccine formulation against Tilapia Lake Virus (TiLV) based on a
recombinant vector containing a viral neuraminidase gene. Following two injections to
juvenile specimens, the amplicon was detected as early as 8 h post-immunization.

Despite regarding only an experimental challenge and not a vaccine formulation, a
very recently published study investigated the early response to TiLV of infected speci-
mens [93]. These data are valuable for understanding the molecular pathways affected and
the histopathological progression as well as mortality onset and rates, and could lay the
groundwork for future applications. An IP infection with 105 TCID50/mL TiLV resulted
in clinical signs as early as 3 DPC, with highest titers in liver and spleen and lowest titers
in the brain. On a transcriptional level, high viral titers downregulated innate responses
sensors (TLR3/TLR7), mediators (IFN-ß), and effectors (Mx).

3.3. Parasitic Diseases

Basabe et al. [51] tested the immunogenicity of the recombinant protein akirin of
Caligus rogercresseyi (sea lice) originally produced in E. coli [66]. The purified recombinant
protein (1 µg/g BW) was adjuvanted with MontanideTM 888 and administered either once
or twice, at an 18-day distance, via IP injection to 80 g BW fish. After 28 DPV, the MY32/Cr
protein induced specific anti-MY32/Cr IgM antibodies, with a statistically significant
higher titer in the group that had received a booster. Even though tilapia was only used as
an experimental model for subsequent knowledge transfer to salmon, the results suggest
that the MY32/Cr, when boostered, could be useful for an efficient antibody-driven control
of sea lice infestations in fish. The ultimate application could be the development of a
commercial vaccine, which is still not available for any teleost species.

4. Vaccine Research against Diseases in Atlantic Salmon Salmo salar (Linnaeus 1758)

The Atlantic salmon (Salmo salar) research and farming industry is extremely devel-
oped in several countries, with Norway and Chile being the two largest producers world-
wide [94], and the most recent production statistics account for 2,224,759 tons. The species
suffers from many diseases such as tenacibaculosis, yersiniosis, bacterial coldwater disease,
infectious salmon anemia, salmonid rickettsial septicemia, infectious pancreatic necrosis,
infectious haematopoietic necrosis, pancreas disease, heart and skeletal muscle inflam-
mation, cryptobiosis, and gill disease. As a paradigm of the complexity/multifactoriality
of the diseases affecting the salmon industry, gill disease on its own may be of amoebic,
parasitic, viral, bacterial, zooplanktonic, or phytoplanktonic origin [95]: the one caused
by the amoeboid Neoparamoeba perurans costs the industry more than £30 million in lost
revenue in a single year [96]. Viral infections were defined as the greatest challenge in the
farming of the species [61] because they can interact or co-occur, leading to varying degrees
of disease severity [97].

4.1. Bacterial Diseases

The most recent studies regarding potential vaccine candidates against Tenacibac-
ulum finnmarkense, Yersinia ruckery, Piscirickettsia salmonis, Flavobacterium psychrophilum,
Vibrio salmonicida, V. anguillarum, Aeromonas salmonicida, and Moritella viscosa will be
discussed here.

While antibody titer determination is recommended as an alternative to experimental
challenges due to advantages in terms of timing and animal welfare [98], an elevated
antibody response, as exemplified earlier, is not necessarily a proxy for an adequate
protective immunity. This is the case of the vaccine formulated against Tenacibaculum
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finnmarkense by Småge et al. [52] through a 0.4% formalin-inactivation of the HFJT strain
and addition of mineral oil as adjuvant. The bacterin concentrations of 1× and 0.06× were
administered via IP injection to fish at the stage of parr (26 g average BW). All groups
underwent an immersion challenge following smoltification with either the homologous
HFJT strain at 3.5 × 105 and 7.1 × 105 CFU/mL or the heterologous Tsp.2 at 1.6 × 106 and
3.3 × 106 CFU/mL. As expected, the more concentrated formulation induced a greater
antibody response at both 8 and 12 WPV. However, this was not sufficient to protect fish
from challenges: HFJT was more pathogenic than Tsp.2 and caused 90–100% mortality rates.
Unexpectedly, in the Tsp.2 challenge trial, controls had lower mortalities (30–65%) than
vaccinated fish (25–84%) in three out of four cases, regardless of the vaccine concentration
received. These results suggest a lack of effectiveness of the vaccine, even though in
the same study the authors had clarified that tenacibaculosis was indeed caused by T.
finnmarkense, strains HFJT and Tsp.2.

An opposite scenario was reported by Nguyen et al. [53], who observed higher
survival rates in fish vaccinated against Yersinia ruckeri without finding any significant
response antibody-wise. The authors compared the efficacy of vaccines produced by three
different inactivation methods, namely, 0.3% formalin, 50% ammonium sulfate followed
by 60 ◦C for 2 h, and cell lysis by a pH shock (from 10 to 7.4) followed by a 0.3% formalin
treatment. The vaccination was conducted by dip immersion of 9 g average BW fish in a
1:10 dilution of either bacterins for 60 s. The immersion challenge took place at 12 WPV
using a 9 × 105 CFU/mL of live Y. ruckeri. All inactivation methods induced protection,
but ammonium sulfate yielded the highest RPS although not supported by statistics.
The formalin-inactivated vaccine, when IP administered, conferred a 100% RPS (positive
control) and was the only formulation to succeed in mounting a specific antibody response
by 12 WPV. The fact that bacterial cells were retrieved from both vaccinated/surviving
and control groups at 15 WPV indicates that, although protected from the disease, fish can
become asymptomatic carriers, a fact that might have serious implications in high-density
fish farms. Nevertheless, the route (single dip immersion) would be recommended because
of the procedural and physiological advantages it brings and should be further explored.

A polyvalent vaccine against the rainbow trout fry syndrome (RTFS) was investigated
as an alternative treatment to antibiotics, which are currently the only disease-containing
method of the pathology [54]. The antigen was obtained by formalin-inactivating three
Flavobacterium psychrophilum isolates (AVU-1T/13, strain Th; AVU-2T/13, strain Fd; AUV-
3S/13, strain FpT) that had been recovered from trout and salmon outbreaks. The vac-
cine, alone or in combination with either squalene/alum or MontanideTM ISA 760 VG
as adjuvants, was delivered to 23.5 g average BW fish. Six weeks later, fish were chal-
lenged with 4 × 106 CFU of virulent AUV-3S/13 strain by IM injection. All formula-
tions endowed the fish with protective immunity: the best RPS was obtained with the
MontanideTM-adjuvanted vaccine (95.2%), followed by the non-adjuvanted (85.71%) and
the alum/squalene adjuvanted vaccines (75.17%), while controls suffered 70% mortality.
A higher IgM titer specific to the homologous strain was shown only in MontanideTM-
adjuvanted fish, while both adjuvants induced a cross-antibody response to a heterologous
strain. The positive effects of MontanideTM were not reflected on a transcriptional level: a
significantly higher expression of IFN-γ and IL-10 was found in FKC and squalene/alum
adjuvanted groups. MontanideTM caused an inflammatory reaction not only at the injection
site but also in the pancreas, intestine, liver and spleen. The findings may be summarized
as follows: (i) formalin inactivation is a viable technique in the production of vaccines
against F. psychrophilum in salmon, (ii) the addition of MontanideTM ISA 760 VG resulted
in the highest fish survival but no significant differences were found among vaccinated
groups, and (iii) the non-adjuvanted formulation was still very effective at protecting
animals against the experimental challenge and did not induce the side effect of increased
inflammation. Because oil-based adjuvants are often associated with side effects such as gut
adhesions, granulomatous lesion formation, and growth rate reductions, a non-adjuvanted
formulation may be preferable. On the other hand, squalene/alum could be the best choice,
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as it conferred good protection, induced a cross-strain humoral response and elevated the
transcription of genes involved in the regulation of both innate and adaptive immunity
without producing side effects.

Only recently, researchers have begun leveraging on NGS datasets to obtain the most
complete overview on transcriptional modulation induced by vaccine formulations. In
this sense, Lund et al. [55] examined a commercially available, inactivated, polyvalent,
oil-adjuvanted vaccine (Aquavac® PD7) containing various bacteria (Vibrio salmonicida,
V. anguillarum, Aeromonas salmonicida, and Moritella viscosa) and two viruses (infectious
pancreatic necrosis virus (IPNV) and salmon pancreas disease virus (SPDV)). The authors
profiled the transcription of 44,000 genes and deep-sequenced the variable regions of IgM
in blood and head kidney at 8 time-points along a 35-day period. A total of 4928 mRNAs
were found differentially expressed between experimental groups at least at one time-
point, with the most common functional gene categories being innate immune response,
inflammatory response, and cytokine–cytokine receptor interaction. B cell-related genes
did not change as consistently as those modulating innate responses; this is likely due to
the prolonged exposure to bacterins ensured by the oil adjuvant. Particularly relevant was
the overexpression of saa, cat, and irg1 (antimicrobial proteins production); soc3b (signaling);
trl8 (pathogen recognition); loxe, aloxe, and aloxe3 (eicosanoids metabolism) along the entire
timeframe while rag1 and rag2 (rearrangement and recombination of immunoglobulin- and
T cell receptor-encoding genes) were only lately upregulated. Immunologically, higher
levels of antibodies against M. viscosa and A. salmonicida antibodies were detected in the
vaccinated group from 14 DPV onwards and peaked at 28 DPV. This was also confirmed
by higher cumulative frequencies of unique clonotypes resulting from the Ig-sequencing.
Note that vaccinated fish also had increased titers of non-vaccine specific antibodies.

A study about the effectiveness of current vaccines against Piscirickettsia salmonis and
Infectious Salmon anemia (ISAV; a viral disease) was published by Tobar et al. [57] and will
be discussed in the next section.

4.2. Viral Diseases

This section will review some recent vaccine formulations (mostly DNA-based) that
have been researched against infectious salmon anemia virus (ISAV), infectious pancreatic
necrosis virus (IPNV), infectious hematopoietic necrosis virus (IHNV), salmonid alphavirus
(SAV), and piscine ortheoreovirus (PVR).

An oral recombinant vaccine against ISAV was detailed by Caruffo et al. [56]. The anti-
gens consisted in the conserved regions of the viral hemagglutinin-esterase (HE) and fusion
(F) surface proteins that had been expressed and purified from Saccharomyces cerevisiae and
included into a polysaccharide matrix. The experiment was designed to precisely account
for the exact contribution of the novel formulation and included 12 groups of 40 g BW fish.
A dose of 6 mg of vaccine/fish/day was feed-administered for 10 days and the challenge
with 3 × 106 TCID50 of the highly virulent ISAV HPR7b isolate/fish occurred via IP injec-
tion at 450 degree DPV. The control group and the fish that had received non-encapsulated
non-recombinant yeast suffered the same cumulative mortality rate over the next 53 DPV,
namely 93.3%. In contrast, vaccinated fish had 33.3% mortality and an RPS of 64.3%. They
also were the only fish to display a significant increase in anti-ISAV IgM antibodies from
150 to 740 degree DPV. These results demonstrated that the oral vaccination route and the
recombinant DNA technology can protect salmon from ISA. Taking into consideration the
stressful conditions to which IP injected fish are subject when vaccinated against ISA with
commercial formulations, the present paper describes a promising alternative.

The oral administration route seemed adapt for effectively boostering mono- or poly-
valent adjuvanted vaccines against ISAV and Piscirickettsia salmonis initially administered
by IP injection [57]. The distinctive traits of the work were that it (i) combined both field
data from over 600 commercial farms and laboratory work with the study of antibody
titers kinetics and (ii) considered Oncorhynchus mykiss and O. kisutch in addition to Atlantic
salmon. Results indicated that the first oral booster given between 1300 and 1700 degree
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DPV could significantly prolong the IgM response to both pathogens by 1500 degree DPV
on average while the second booster conferred protective immunity up to 4000 degree
DPV. The use of boosters was associated to a reversion to protective levels of antibodies;
when not scheduled, pathogens inflicted severe mortalities that could not be prevented by
antibiotics. Statistically, one or two boosters were relatively common (42% and 44% of all
farms, respectively) and only 14% of companies supplied their fish with 3 or more boosters.
We recommend that these results and data be kept as reference when developing further
vaccine formulations because the dataset (samples from 622 farms over a 4-year period) is
one of the largest currently available in scientific literature.

The recombinant DNA technique was also used by Robertsen et al. [58]. The authors
used a HE-encoding plasmid together with IFN plasmids as adjuvants that had both been
constructed from a virulent ISA virus in a previous study [99]. In this trial, the vaccine
was IM administered alone or in combination with IFNa- or IFNc-expressing plasmids
(pIFNa and pIFNc) at a total dose of 15 µg DNA/animal. No challenge was performed;
rather, animals were monitored in their immune response in terms of Mx, ISG15 and IgM
up to 22 WPV. Both adjuvants induced an antibody response from 7 WPV onwards but
the pHE + pIFNa combination was 3-week faster in eliciting a response (week 7 vs. week
10 PV). Interestingly, no specific anti-ISAV IgM was observed in fish that had received
pHE or pIFNa/c alone. On the other hand, only pIFNc when administered alone or in
combination with pHE prompted the expression of Mx and ISG15 proteins, with the former
inducing a more prolonged effect in time. From this study we can conclude that the most
promising formulation cannot often be identified unequivocally because, as discussed
earlier, antibody response alone is not necessarily indicative of vaccine effectiveness. An
experimental challenge will be necessary in the future to help evaluate the real efficacy
of the vaccine in view of commercial exploitation; if good results will be found, a similar
formulation may be viable for vaccines against other viruses.

Oral immunization via feed can sometimes perform better than IP injection. This
was the case for a DNA vaccine against IPNV [59]. The vaccine in question consisted in a
liposomal DNA construct encoding for the VP2 viral capsid protein of IPNV, Sp serotype.
In a preliminary trial S. salar fry (0.5 g average BW) had been vaccinated with 0.2, 0.6,
or 1 mg of DNA/animal and, while no growth-reducing side effects were found, VP2-
neutralizing antibodies were detected in low levels at 45 DPV only in the group receiving
the highest dose. For this reason, 20 g average BW fish were vaccinated with 1 or 2 mg
DNA each and compared in performance to a group receiving 0.5 mg of DNA via IM
injection. Following an homologous challenge with 1 × 102 TCID50/mL, RPSs were 66.7%,
58.2%, and 47.8% for the 2 mg, 1 mg, and 0.5 mg groups, respectively, confirming the dose-
dependent immune response stimulation already reported for oral vaccines by Ballesteros
et al. [100]. Furthermore, 1 mg of oral vaccine was as good at increasing total blood
leukocytes counts as the 0.5 mg injection. Should strategies be optimized to prevent the
persistence of recombinant DNA vector-bearing uneaten food into the natural environment,
orally delivered vaccines will have a chance in the aquaculture industry.

Two recent articles investigated the ability of Piscine orthoreovirus (PVR) infections, re-
sponsible for Heart and Skeletal Muscle Inflammation disease (HSMI), to induce protection
against challenges with 106 TCID50 IHNV isolate DF04/99/mL [60] or 104 TCID50/mL
SAV [61]. In the former, fish displayed statistically higher survival rates when co-challenged
with PVR and IHNV (97.5%) compared to a IHNV-only infection (50%) and PVR-infected
animals showed a significant upregulated expression of Mx (30-fold) and IFNa (2-fold) at
4 weeks post-PRV infection. In the latter, the authors showed that PRV co-infection con-
tributed to the reduction of SAV RNA levels, pathological lesions in the pancreas and acute
myocardial necrosis. The underlying mechanisms are not known: does the primary PVR
infection induce the activation of innate antiviral responses, thus indirectly contributing to
protecting animals from a subsequent IHNV challenge? Or is it able to directly cross-protect
against further viral pathogens? These results are valuable because studying the outcome
of viral interactions may give a more truthful understanding of field conditions.
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Much research has been conducted to identify a candidate vaccine against PVR
alone, which is the cause for the heart and skeletal muscle inflammation, and two re-
cent examples follow.

The first demonstration of protective vaccination against PVR was achieved with a
formalin-inactivated vaccine adjuvanted with mineral oil that had been produced with
viral particles isolated in vivo [62]. The formulation performed quite well in 55 g BW fish
immunized via IP injection (6 × 109 TCID50) and homologously challenged, in that the
virus load (proxied by PRV RNA copies) as well as cell attachment protein σ1 were lower
in blood cells, plasma, and heart at several time points (2, 4, 7, and 10 WPC), compared
to injected and co-habitant controls that had been immunized with a commercial oil-
adjuvanted vaccine (ALPHA JECT micro® 6) containing no PVR-related antigen. Moreover,
control groups developed heart lesions typically associated with HSMI, while vaccinated
animals had either less severe lesions or no lesions at all.

Another vaccine against HSMI was described by Haatveit et al. [63], who exploited the
recombinant DNA technology to construct plasmids that expressed various combinations
of many PVR genes, namely, µ1, µ2, λ1, λ2, λ3, σ1, σ2, σ3, σNS, and µNS. Fish of 35 g
average BW were administered 10 µg of DNA vaccines by IM injection and, 6 weeks later,
IP challenged with PVR-infected pooled blood sample. An increase in the expression of
immunologically relevant anti-viral genes (Mx, ISG15, RIG-1, PKR, IFN-γ, and Viperin)
was observed in all groups; however, only fish that had received the µNS + σNS + σ1
plasmid consistently demonstrated a significant effectiveness in reducing viral load in the
blood and heart lesions while upregulating the transcription of CD4, CD8α, perforin 1
and 2, Granzyme A, and soluble and membrane IgM in the spleen. This is therefore the
most recommended construct because it positively modulated both innate and adaptive
immune responses.

Finally, two DNA constructs against Salmonid Alphavirus 3 (SAV3) were compared
to a commercial monovalent vaccine (Norvax® Compact PD) in Chang et al. [64]. The
vaccines were based either on the entire CSP structural polyprotein encoding gene (pCSP)
or its E2 component only (pE2). Immunization of 30 g BW pre-smolts occurred via IM
injection with 15 µg DNA/fish. The antibody response evaluated at 10 WPV indicated
that only the pCSP group had anti-SAV3 circulating antibodies. Following an IP infection
with approximately 5000 SAV3 viral particles/fish, both the commercial vaccine and pCSP
groups had a significantly lower serum viral load than control and pE2 groups. Histology-
wise, the response differed among groups at 3 WPC: pCSP showed minimal pathology
in pancreas, heart, and skeletal muscle; 100% and 93% of animals from control and pE2
groups experienced a loss of exocrine pancreatic tissue and heart lesions, respectively; and
53% and 60% of fish receiving NCPD did not suffer any pancreatic and heart damage or
had a very mild loss of tissues. One of the experimental DNA vaccines (without the need
of any adjuvant) clearly performed better than the commercial product because only pCSP-
receiving fish had elevated antibody levels against E2 and elevated SAV3 neutralization
activity in serum: the fact that a humoral response was correlated with the best results may
indicate that antibodies are essential for providing salmon with strong protection against
SAV3 infection.

4.3. Parasitic Diseases

Four promising vaccination strategies and one gene silencing method will be presented
in this section.

In the first paper, the immunizing effects of an attenuated vaccine were investi-
gated against Cryptobia salmositica, a flagellated protist that causes anemia, anorexia,
splenomegaly, and lesions in hematopoietic tissues [65]. This study is representative
of the research conducted by the authors [101], who extensively reviewed the biology
of the species, the host–parasite interactions and possible control strategies not only in
Atlantic salmon but also in rainbow trout Oncorhynchus mykiss, where exceptional results
were achieved [102]. Wild C. salmositica T4 sub-strain was isolated from leech Piscicola
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salmostica and serially cultured until epizootic defective. Fish of approximately 300 g
BW were vaccinated with 200,000 live parasites via IP injection and blood samples taken
from 3 weeks pre-vaccination to 9 weeks post-vaccination (WPV) to study both innate
and humoral response kinetics. Parasitemia and antibody titer patterns shifted by three
months, peaking at 5 and 8 WPV, respectively, and by 9 WPV parasites were undetectable
in all fish. Neutrophils were the most abundant peripheral phagocytes, and the percentage
of activated phagocytes was significantly higher in vaccinated than non-vaccinated fish
from 3 to 7 WPV. A change in leukocyte profiles was also observed along the course of the
vaccination, with an increase in the proportion of granulocytes and monocytes (proxies
of innate and adaptive immunity, respectively) corresponding to the parasitemia peak
and until 8 WPV. Unfortunately, the sample size of the study was small and unevenly
divided into the two experimental groups. From a biotechnological perspective, resistance
to cryptobiosis could also be investigated by producing Cryptobia-tolerant GMOs trans-
genic for the α-2 macroglobulin, a nonspecific protease capable of neutralizing the parasitic
metalloprotease virulent factor.

The second paper describes a vaccine against the copepod Caligus rogercressey [66]. The
then-novel akirin protein MY32 protein was cloned from C. rogercressey female specimens
and recombinantly expressed in E. coli. Atlantic salmon of 80 g average BW were used
for the two IP immunizations using 1 µg protein/g BW combined with MontanideTM 888
VG: the vaccination occurred in freshwater and the booster was delivered after the fish
had acclimatized for 10 days in 30 ppt seawater. Two-thousand C. rogercressey specimens
were added to the tanks at 14 DPV as challenge. The recombinant vaccine was efficacious
only against the second parasite generation: at 24 DPC, vaccinated fish had a significantly
lower level of infestation (57% inhibition) and a greater proportion of adult stages than
controls. This is indicative of the vaccine ability to delay the life cycle of the copepod.
Results obtained on tilapia as a model [51] demonstrated that vaccines against ectoparasitic
diseases may be achievable by recombinant methods (see appropriate section above). We
envisage DNA vaccination delivering recombinant vectors encoding for parasite proteins
to also be a useful technique.

A vaccine candidate against the marine protozoan parasite Neoparamoeba perurans,
the cosmopolitan etiological agent of amoebic gill disease (AGD), was reported [67]. The
authors employed the r22C03 recombinant protein, similar to the attachment factor of
amoebas, that had been previously expressed in E. coli and demonstrated to induce a
specific IgM response [103]. In this case, two vaccination groups of more than 100 g average
BW salmon were planned. One group received 0.25 mg of r22C03 and Freund’s complete
adjuvant (FCA) via IP injection and a booster with the same protocol except for Freund’s
incomplete adjuvant (FIA) as adjuvant 5 weeks later. The second was initially immunized
as above but received the booster through a 1 min dip in 50 mg/L r22C03 in PBS. A
2-week seawater acclimation until 35 ppt followed for both, after which two challenges
were conducted with 500 cells N. perurans/L at a 5-week distance. The immunizations
were able to trigger a significant systemic and mucosal antibody response both pre- and
post-challenge; however, no statistical difference was observed in the survival times and
severity of lesions between any of the vaccinated groups and their controls. We highlight
the existence of few critical issues along the trial: (i) the first challenge had to be terminated
after 7 DPI because of what was a posteriori detected as a Yersinia ruckeri outbreak; (ii) fish
that had survived the bacterial outbreak were not re-immunized but received a 15-day
antibiotic treatment, which the authors themselves later defined as non-optimal; and (iii)
fish were relocated from freshwater to seawater multiple times over a 5-week period. This
vaccine was deemed ineffective due the lack of protective action against the parasitic
disease, but the bacterial outbreak and the stressful measures adopted likely affected the
ability of fish to respond to the vaccination and the amoebic infection.

Very recently, the E. coli-produced chimeric protein composed by the ribosomal protein
P0 from Lepeophtheirus salmonis and T cell epitopes from bacterial and viral organisms [104]
was specifically tested in S. salar by IP injection alone or in combination with a bath
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immunization, followed by a booster [68]. In addition to assessing sea lice abundance
on parasitized fish following a challenge, the authors evaluated the innate (e.g., IFN-γ,
IL-8, IL-10, and IL-22) and adaptive (e.g., IgM, IgT, and CD4) responses through gene
expression analysis in immunologically relevant organs/tissues. Although not statistically
significant among groups, IP-vaccinated fish suffered from less attached lice, which were
impacted in terms of fecundity (lower gravid female count) and developmental success
(delayed hatching). Local mucosal immunity also seemed to play a major role in host–
parasite interaction in vaccinated groups at 28 and 50 DPC, while systemic and mucosal
immunoglobulins were significantly upregulated in vaccinated groups regardless of tissues
and sampling points.

Finally, an RNA interference method for knocking-down important developmental
genes transcripts of the salmon louse Lepeophtheirus salmonis was described [105]. In this
study the authors aimed at identifying the most suitable timing for parasite treatment and
did so by focusing on the first 140 h of development (nauplius I, nauplius II, and copepodid
stages) and on eight genes whose role is putatively related to breakdown and development
of cuticle and motor behavior. Although not a vaccine, this procedure could lay the
foundation for future developments of novel drugs or vaccines, provided its efficiency and
longevity against the copepodid infective stage is consistently demonstrated.

5. Conclusions

In this review, we have presented and discussed the most innovative and updated
research on aquaculture vaccines for three teleost species that differ substantially in terms
of lifestyle, biological traits, geographical distribution, and, therefore, culture conditions,
while also hinting at the benefits that could be brought by commercial vaccines formulated
against specific pathogens to further economically important farmed species.

This field has progressed significantly in the last decades: many vaccine types were
developed (i.e., attenuated, inactivated, subunit, recombinant, and DNA) [17], and all
proved at least partially effective against some pathogens. Many of the discussed studies
produced encouraging results, achieving very high survival rates and specific antibody
titers in challenge trials, even though it must be remembered that the correlates between
antibody quantity/functional characteristics and induced immunity may be poor [106], as
found in several studies [20,24,45,49,52,53,58]: a vaccine efficacy should never be solely
investigated by means of serological assays.

In most cases, the experimental vaccines had acceptable side effect profiles, which is
an important aspect to take into consideration when the product is intended for commercial
uses; the formation of coelomic adhesions at the injection site are examples of well-known
side effects caused by oil-based adjuvants and only very few of the described vaccines
had too severe reactions, such as those against M. marinum [20,21]. Even though they may
cause side effects, an active research effort on adjuvant products has been ongoing for
more than a decade. These substances have the capacity of stimulating and modulating the
innate and adaptive immune system, respectively, and enhancing antigen immunogenicity,
uptake, processing, and presentation. Such properties are exploited to ultimately increase
the health status of fish or the overall vaccine efficacy, if adjuvants are administered
alone or in conjunction with the antigen [107,108]. For the latest research on vaccines and
immunostimulants for finfish, the reader is redirected to Munang’andu et al. [109].

To be broadly employed by the aquaculture sector, vaccines should be cost-effective
and environmentally friendly, but further important issues may be related to regulatory
hurdles. These are not likely to limit inactivated vaccines, which are already widespread
in commercial aquaculture, but may be significant for attenuated and, especially, DNA
vaccines. Concerns about the former are related to the possibility of reversion to virulence
or their transmission to other species, which would be harmed. Main issues with the latter
are related to the possible integration of exogenous DNA in fish cells and the consequent
genetic pollution, which would affect natural populations. Most of these problems, if much
care and trials are exercised into vaccine design, may prove nonsignificant.
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Some orally delivered experimental vaccines were described. Their rationale is based
on the key immunological role held by mucosal tissues, a fascinating subject that has re-
ceived increasing interest from the academic [110–116] and industry sectors. Regarding the
latter, worthy of note is a ground-breaking project that was recently funded by the Scottish
Aquaculture Innovation Centre, the aim of which is to develop an efficient sea lice control
strategy through nanoparticle technologies, also exploiting innovative feed-administered
vaccines (https://www.scottishaquaculture.com/projects/health-and-welfare/details/development-
of-an-orally-administered-novel-sea-lice-vaccine-targeting-mucosal-immunity/).

Regarding vaccines against ectoparasitic infections, some significant results have
been obtained in researching a subunit vaccine against C. rogercressey in salmon [51,66],
demonstrating that vaccinations can potentially be developed even against such pathogens.

As a downside, the effectiveness achieved in controlled vaccine trials may not neces-
sarily reflect real-world situations. First, the method by which the challenge is administered
(e.g., IP injection) is not comparable to the spreading of a natural infection. Second, the
use of a single homologous strain is not representative of field conditions. Some studies
attempted to overcome such limitations by performing multi-strain or cohabitation chal-
lenge experiments [34,39,43,60,61], but these were however a minority. Third, very few
studies have performed field trials on actual fish farms and corresponding settings, even
though the need of complex yet integrated data sets is elevated, both within and among
fish species [57].

Altogether, despite some formulations have expressed promising results and clear
potential, further research and larger-scale trials will be needed before the described
experimentally developed vaccines are commercialized.

Author Contributions: A.M.: Resources, Visualization, Writing—original draft preparation, and
Writing—review and editing; M.M.: Resources, Writing—original draft preparation; S.P.: Writing—
review and editing; G.S.: Supervision and Writing—review and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This research was supported by the “Department of Excellence-2018” Program
(Dipartimenti di Eccellenza) of the Italian Ministry of Education, University and Research, DIBAF—
Department for Innovation in Biological, Agro-food and Forest Systems, University of Tuscia, Project
“Landscape 4.0—food, wellbeing and environment”.

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

References
1. FAO. The State of World Fisheries and Aquaculture 2020; FAO: Roma, Italy, 2020; ISBN 978-92-5-132692-3.
2. Jackson, J.B.C.; Kirby, M.X.; Berger, W.H.; Bjorndal, K.A.; Botsford, L.W.; Bourque, B.J.; Bradbury, R.H.; Cooke, R.; Erlandson, J.;

Estes, J.A.; et al. Historical overfishing and the recent collapse of coastal ecosystems. Science 2001, 293, 629–637. [CrossRef]
3. Daskalov, G.M.; Grishin, A.N.; Rodionov, S.; Mihneva, V. Trophic cascades triggered by overfishing reveal possible mechanisms

of ecosystem regime shifts. Proc. Natl. Acad. Sci. USA 2007, 104, 10518–10523. [CrossRef]
4. United Nations. World Population Prospects; United Nations: New York, NY, USA, 2019.
5. Kobayashi, M.; Msangi, S.; Batka, M.; Vannuccini, S.; Dey, M.M.; Anderson, J.L. Fish to 2030: The Role and Opportunity for

Aquaculture. Aquac. Econ. Manag. 2015, 19, 282–300. [CrossRef]
6. Leung, T.L.F.; Bates, A.E. More rapid and severe disease outbreaks for aquaculture at the tropics: Implications for food security.

J. Appl. Ecol. 2013, 50, 215–222. [CrossRef]
7. Raja, R.A.; Jithendran, K.P. Aquaculture disease diagnosis and health management. Adv. Mar. Brac. Aquac. 2015, 247–254.

[CrossRef]
8. Sharma, M.; Shrivastav, A.B.; Sahni, Y.P.; Pandey, G. Overviews of the Treatment and Control of Common Fish Diseases. Int. Res.

J. Pharm. 2012, 3, 123–127.
9. Lulijwa, R.; Rupia, E.J.; Alfaro, A.C. Antibiotic use in aquaculture, policies and regulation, health and environmental risks: A

review of the top 15 major producers. Rev. Aquac. 2019, 12, 640–663. [CrossRef]
10. Jia, B.; St-Hilaire, S.; Singh, K.; Gardner, I.A. Biosecurity knowledge, attitudes and practices of farmers culturing yellow catfish

(Pelteobagrus fulvidraco) in Guangdong and Zhejiang provinces, China. Aquaculture 2017, 471, 146–156. [CrossRef]

https://www.scottishaquaculture.com/projects/health-and-welfare/details/development-of-an-orally-administered-novel-sea-lice-vaccine-targeting-mucosal-immunity/
https://www.scottishaquaculture.com/projects/health-and-welfare/details/development-of-an-orally-administered-novel-sea-lice-vaccine-targeting-mucosal-immunity/
http://doi.org/10.1126/science.1059199
http://doi.org/10.1073/pnas.0701100104
http://doi.org/10.1080/13657305.2015.994240
http://doi.org/10.1111/1365-2644.12017
http://doi.org/10.1007/978-81-322-2271-2_23
http://doi.org/10.1111/raq.12344
http://doi.org/10.1016/j.aquaculture.2017.01.016


Vaccines 2021, 9, 140 23 of 27

11. Sharrer, M.J.; Summerfelt, S.T. Ozonation followed by ultraviolet irradiation provides effective bacteria inactivation in a freshwater
recirculating system. Aquac. Eng. 2007, 37, 180–191. [CrossRef]

12. Irhayyim, T.; Beliczky, G.; Havasi, M.; Bercsényi, M. Impacts of magnetic water treatment on water quality, feeding efficiency
and growth performance of common carp in integrated recirculating aquaculture systems. J. Cent. Eur. Agric. 2020, 21, 246–255.
[CrossRef]

13. Amenyogbe, E.; Chen, G.; Wang, Z.; Huang, J.S.; Huang, B.; Li, H. The exploitation of probiotics, prebiotics and synbiotics in
aquaculture: Present study, limitations and future directions: A review. Aquac. Int. 2020, 28, 1017–1041. [CrossRef]

14. Gudding, R.; Van Muiswinkel, W.B. A history of fish vaccination: Science-based disease prevention in aquaculture. Fish Shellfish
Immunol. 2013, 35, 1683–1688. [CrossRef]

15. Sommerset, I.; Krossøy, B.; Biering, E.; Frost, P. Vaccines for fish in aquaculture. Expert Rev. Vaccines 2005, 4, 89–101. [CrossRef]
16. Miccoli, A.; Saraceni, P.R.; Scapigliati, G. Vaccines and immune protection of principal Mediterranean marine fish species.

Fish Shellfish Immunol. 2019, 94, 800–809. [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]
18. Brudeseth, B.E.; Wiulsrød, R.; Fredriksen, B.N.; Lindmo, K.; Løkling, K.E.; Bordevik, M.; Steine, N.; Klevan, A.; Gravningen,

K. Status and future perspectives of vaccines for industrialised fin-fish farming. Fish Shellfish Immunol. 2013, 35, 1759–1768.
[CrossRef] [PubMed]

19. Bøgwald, J.; Dalmo, R.A. Review on immersion vaccines for fish: An update 2019. Microorganisms 2019, 7, 627. [CrossRef]
[PubMed]

20. Ravid-Peretz, S.; Colorni, A.; Sharon, G.; Ucko, M. Vaccination of European sea bass Dicentrarchus labrax with avirulent
Mycobacterium marinum (iipA::kan mutant). Fish Shellfish Immunol. 2019, 90, 317–327. [CrossRef] [PubMed]

21. Ziklo, N.; Colorni, A.; Gao, L.Y.; Du, S.J.; Ucko, M. Humoral and Cellular Immune Response of European Seabass Dicentrarchus
labrax Vaccinated with Heat-Killed Mycobacterium marinum (iipA::kan Mutant). J. Aquat. Anim. Health 2018, 30, 312–324. [CrossRef]

22. 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, 2357–2365. [CrossRef]

23. Salati, F.; Cubadda, C.; Viale, I.; Kusuda, R. Immune response of sea bass Dicentrarchus labrax to Tenacibaculum maritimum antigens.
Fish. Sci. 2005, 71, 563–567. [CrossRef]

24. Galindo-Villegas, J.; Mulero, I.; García-Alcazar, A.; Muñoz, I.; Peñalver-Mellado, M.; Streitenberger, S.; Scapigliati, G.; Meseguer,
J.; Mulero, V. Recombinant TNFα as oral vaccine adjuvant protects European sea bass against vibriosis: Insights into the role of
the CCL25/CCR9 axis. Fish Shellfish Immunol. 2013, 35, 1260–1271. [CrossRef]

25. Spinos, E.; Kokkoris, G.D.; Bakopoulos, V. Prevention of sea bass (Dicentrarchus labrax, L. 1758) photobacteriosis and vibriosis.
Long term efficacy study of intraperitoneally administered bivalent commercial vaccines. Aquaculture 2017, 471, 172–184.
[CrossRef]

26. Nuñez-Ortiz, N.; Pascoli, F.; Picchietti, S.; Buonocore, F.; Bernini, C.; Toson, M.; Scapigliati, G.; Toffan, A. A formalin-inactivated im-
munogen against viral encephalopathy and retinopathy (VER) disease in European sea bass (Dicentrarchus labrax): Immunological
and protection effects. Vet. Res. 2016, 47, 1–11. [CrossRef]

27. Valero, Y.; Mokrani, D.; Chaves-Pozo, E.; Arizcun, M.; Oumouna, M.; Meseguer, J.; Esteban, M.Á.; Cuesta, A. Vaccination
with UV-inactivated nodavirus partly protects European sea bass against infection, while inducing few changes in immunity.
Dev. Comp. Immunol. 2018, 86, 171–179. [CrossRef]

28. Pascoli, F.; Guazzo, A.; Buratin, A.; Toson, M.; Buonocore, F.; Scapigliati, G.; Toffan, A. Lack of in vivo cross-protection of two
different betanodavirus species RGNNV and SJNNV in European sea bass Dicentrachus labrax. Fish Shellfish Immunol. 2019, 85,
85–89. [CrossRef]

29. Gonzalez-Silvera, D.; Guardiola, F.A.; Espinosa, C.; Chaves-Pozo, E.; Esteban, M.Á.; Cuesta, A. Recombinant nodavirus vaccine
produced in bacteria and administered without purification elicits humoral immunity and protects European sea bass against
infection. Fish Shellfish Immunol. 2019, 88, 458–463. [CrossRef] [PubMed]

30. Marsian, J.; Hurdiss, D.L.; Ranson, N.A.; Ritala, A.; Paley, R.; Cano, I.; Lomonossoff, G.P. Plant-made nervous necrosis virus-like
particles protect fish against disease. Front. Plant Sci. 2019, 10, 1–11. [CrossRef]

31. Valero, Y.; Awad, E.; Buonocore, F.; Arizcun, M.; Esteban, M.Á.; Meseguer, J.; Chaves-Pozo, E.; Cuesta, A. An oral chitosan DNA
vaccine against nodavirus improves transcription of cell-mediated cytotoxicity and interferon genes in the European sea bass
juveniles gut and survival upon infection. Dev. Comp. Immunol. 2016, 65, 64–72. [CrossRef] [PubMed]

32. Pridgeon, J.W.; Klesius, P.H. Development and efficacy of a novobiocin-resistant Streptococcus iniae as a novel vaccine in Nile
tilapia (Oreochromis niloticus). Vaccine 2011, 29, 5986–5993. [CrossRef] [PubMed]

33. Wang, J.; Zou, L.L.; Li, A.X. Construction of a Streptococcus iniae sortase A mutant and evaluation of its potential as an attenuated
modified live vaccine in Nile tilapia (Oreochromis niloticus). Fish Shellfish Immunol. 2014, 40, 392–398. [CrossRef] [PubMed]

34. Shoemaker, C.A.; LaFrentz, B.R.; Klesius, P.H.; Evans, J.J. Protection against heterologous Streptococcus iniae isolates using a
modified bacterin vaccine in Nile tilapia, Oreochromis niloticus (L.). J. Fish Dis. 2010, 33, 537–544. [CrossRef] [PubMed]

35. Shoemaker, C.A.; Vandenberg, G.W.; Désormeaux, A.; Klesius, P.H.; Evans, J.J. Efficacy of a Streptococcus iniae modified bacterin
delivered using OraljectTM technology in Nile tilapia (Oreochromis niloticus). Aquaculture 2006, 255, 151–156. [CrossRef]

http://doi.org/10.1016/j.aquaeng.2007.05.001
http://doi.org/10.5513/JCEA01/21.2.2672
http://doi.org/10.1007/s10499-020-00509-0
http://doi.org/10.1016/j.fsi.2013.09.031
http://doi.org/10.1586/14760584.4.1.89
http://doi.org/10.1016/j.fsi.2019.09.065
http://doi.org/10.3390/microorganisms7110569
http://doi.org/10.1016/j.fsi.2013.05.029
http://www.ncbi.nlm.nih.gov/pubmed/23769873
http://doi.org/10.3390/microorganisms7120627
http://www.ncbi.nlm.nih.gov/pubmed/31795391
http://doi.org/10.1016/j.fsi.2019.04.057
http://www.ncbi.nlm.nih.gov/pubmed/31039442
http://doi.org/10.1002/aah.10042
http://doi.org/10.1111/are.13689
http://doi.org/10.1111/j.1444-2906.2005.01000.x
http://doi.org/10.1016/j.fsi.2013.07.046
http://doi.org/10.1016/j.aquaculture.2017.01.017
http://doi.org/10.1186/s13567-016-0376-3
http://doi.org/10.1016/j.dci.2018.05.013
http://doi.org/10.1016/j.fsi.2017.10.033
http://doi.org/10.1016/j.fsi.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30877059
http://doi.org/10.3389/fpls.2019.00880
http://doi.org/10.1016/j.dci.2016.06.021
http://www.ncbi.nlm.nih.gov/pubmed/27370973
http://doi.org/10.1016/j.vaccine.2011.06.036
http://www.ncbi.nlm.nih.gov/pubmed/21708205
http://doi.org/10.1016/j.fsi.2014.07.028
http://www.ncbi.nlm.nih.gov/pubmed/25090938
http://doi.org/10.1111/j.1365-2761.2010.01148.x
http://www.ncbi.nlm.nih.gov/pubmed/20298447
http://doi.org/10.1016/j.aquaculture.2005.12.016


Vaccines 2021, 9, 140 24 of 27

36. Kayansamruaj, P.; Dong, H.T.; Pirarat, N.; Nilubol, D.; Rodkhum, C. Efficacy of α-enolase-based DNA vaccine against pathogenic
Streptococcus iniae in Nile tilapia (Oreochromis niloticus). Aquaculture 2017, 468, 102–106. [CrossRef]

37. Shelby, R.A.; Klesius, P.H.; Shoemaker, C.A.; Evans, J.J. Passive immunization of tilapia, Oreochromis niloticus (L.), with anti-
Streptococcus iniae whole sera. J. Fish Dis. 2002, 25, 1–6. [CrossRef]

38. Huang, L.Y.; Wang, K.Y.; Xiao, D.; Chen, D.F.; Geng, Y.; Wang, J.; He, Y.; Wang, E.L.; Huang, J.L.; Xiao, G.Y. Safety and
immunogenicity of an oral DNA vaccine encoding Sip of Streptococcus agalactiae from Nile tilapia Oreochromis niloticus delivered
by live attenuated Salmonella typhimurium. Fish Shellfish Immunol. 2014, 38, 34–41. [CrossRef]

39. Liu, L.; Lu, D.Q.; Xu, J.; Luo, H.L.; Li, A.X. Development of attenuated erythromycin-resistant Streptococcus agalactiae vaccine for
tilapia (Oreochromis niloticus) culture. J. Fish Dis. 2019, 42, 693–701. [CrossRef]

40. Li, L.P.; Wang, R.; Liang, W.W.; Huang, T.; Huang, Y.; Luo, F.G.; Lei, A.Y.; Chen, M.; Gan, X. Development of live attenuated
Streptococcus agalactiae vaccine for tilapia via continuous passage in vitro. Fish Shellfish Immunol. 2015, 45, 955–963. [CrossRef]

41. Abu-Elala, N.M.; Samir, A.; Wasfy, M.; Elsayed, M. Efficacy of Injectable and Immersion Polyvalent Vaccine against Streptococcal
Infections in Broodstock and Offspring of Nile tilapia (Oreochromis niloticus). Fish Shellfish Immunol. 2019, 88, 293–300. [CrossRef]
[PubMed]

42. Ramírez-Paredes, J.G.; Mendoza-Roldan, M.A.; Lopez-Jimena, B.; Shahin, K.; Metselaar, M.; Thompson, K.D.; Penman, D.J.;
Richards, R.H.; Adams, A. Whole cell inactivated autogenous vaccine effectively protects red Nile tilapia (Oreochromis niloticus)
against francisellosis via intraperitoneal injection. J. Fish Dis. 2019, 42, 1191–1200. [CrossRef]

43. Shahin, K.; Shinn, A.P.; Metselaar, M.; Ramirez-Paredes, J.G.; Monaghan, S.J.; Thompson, K.D.; Hoare, R.; Adams, A. Efficacy
of an inactivated whole-cell injection vaccine for nile tilapia, Oreochromis niloticus (L), against multiple isolates of Francisella
noatunensis subsp. orientalis from diverse geographical regions. Fish Shellfish Immunol. 2019, 89, 217–227. [CrossRef] [PubMed]

44. Pulpipat, T.; Maekawa, S.; Wang, P.C.; Chen, S.C. Immune responses and protective efficacy of a formalin-killed Francisella
noatunensis subsp. orientalis vaccine evaluated through intraperitoneal and immersion challenge methods in Oreochromis niloticus.
Vaccines 2020, 8, 163. [CrossRef]

45. Bactol, I.D.C.; Padilla, L.V.; Hilario, A.L. Immune response of tilapia (Oreochromis niloticus) after vaccination with autoclavekilled,
heat-killed, and formalin-killed whole cell Aeromonas hydrophila vaccines as possible serotype-independent vaccines. Int. J. Agric.
Biol. 2018, 20, 846–850. [CrossRef]

46. Pridgeon, J.W.; Klesius, P.H. Development and efficacy of novobiocin and rifampicin-resistant Aeromonas hydrophila as novel
vaccines in channel catfish and Nile tilapia. Vaccine 2011, 29, 7896–7904. [CrossRef] [PubMed]

47. Mohammed, H.; Olivares-Fuster, O.; LaFrentz, S.; Arias, C.R. New attenuated vaccine against columnaris disease in fish: Choosing
the right parental strain is critical for vaccine efficacy. Vaccine 2013, 31, 5276–5280. [CrossRef]

48. Kwon, H.C.; Kang, Y.J. Effects of a subunit vaccine (FlaA) and immunostimulant (CpG-ODN 1668) against Vibrio anguillarum in
tilapia (Oreochromis niloticus). Aquaculture 2016, 454, 125–129. [CrossRef]

49. Cao, T.T.; Tsai, M.A.; Da Yang, C.; Wang, P.C.; Kuo, T.Y.; Chen, H.C.G.; Chen, S.C. Vaccine efficacy of glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) from Edwardsiella ictaluri against E. tarda in tilapia. J. Gen. Appl. Microbiol. 2015, 60, 241–250. [CrossRef]

50. Igarashi, A.; Iida, T. A vaccination trial using live cells of Edwardsiella tarda in tilapia. Fish Pathol. 2002, 37, 145–148. [CrossRef]
51. Yield Improvement of the Sea Lice MY32/Cr Novel Antigen Production and IgM Immune Response Characterization in

Oreochromis Niloticus as a Model. Available online: http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S1027-285220140001
00004 (accessed on 4 February 2021).

52. Småge, S.B.; Frisch, K.; Vold, V.; Duesund, H.; Brevik, Ø.J.; Olsen, R.H.; Sjaatil, S.T.; Klevan, A.; Brudeseth, B.; Watanabe, K.;
et al. Induction of tenacibaculosis in Atlantic salmon smolts using Tenacibaculum finnmarkense and the evaluation of a whole cell
inactivated vaccine. Aquaculture 2018, 495, 858–864. [CrossRef]

53. Nguyen, T.D.; Crosbie, P.B.B.; Nowak, B.F.; Bridle, A.R. The effects of inactivation methods of Yersinia ruckeri on the efficacy of
single dip vaccination in Atlantic salmon (Salmo salar). J. Fish Dis. 2018, 41, 1173–1176. [CrossRef]

54. Hoare, R.; Jung, S.J.; Ngo, T.P.H.; Bartie, K.; Bailey, J.; Thompson, K.D.; Adams, A. Efficacy and safety of a non-mineral
oil adjuvanted injectable vaccine for the protection of Atlantic salmon (Salmo salar L.) against Flavobacterium psychrophilum.
Fish Shellfish Immunol. 2019, 85, 44–51. [CrossRef] [PubMed]

55. Lund, H.; Bakke, A.F.; Sommerset, I.; Afanasyev, S.; Schriwer, G.; Thorisdottir, A.; Boysen, P.; Krasnov, A. A time-course study
of gene expression and antibody repertoire at early time post vaccination of Atlantic salmon. Mol. Immunol. 2019, 106, 99–107.
[CrossRef]

56. Caruffo, M.; Maturana, C.; Kambalapally, S.; Larenas, J.; Tobar, J.A. Protective oral vaccination against infectious salmon anaemia
virus in Salmo salar. Fish Shellfish Immunol. 2016, 54, 54–59. [CrossRef] [PubMed]

57. Tobar, I.; Arancibia, S.; Torres, C.; Vera, V.; Soto, P.; Carrasco, C.; Alvarado, M.; Neira, E.; Arcos, S.; Tobar, J.A. Successive oral
immunizations against Piscirickettsia salmonis and infectious salmon anemia virus are required to maintain a long-term protection
in farmed salmonids. Front. Immunol. 2015, 6, 1–7. [CrossRef]

58. Robertsen, B.; Chang, C.J.; Bratland, L. IFN-adjuvanted DNA vaccine against infectious salmon anemia virus: Antibody kinetics
and longevity of IFN expression. Fish Shellfish Immunol. 2016, 54, 328–332. [CrossRef]

59. Reyes, M.; Ramírez, C.; Ñancucheo, I.; Villegas, R.; Schaffeld, G.; Kriman, L.; Gonzalez, J.; Oyarzun, P. A novel “in-feed” delivery
platform applied for oral DNA vaccination against IPNV enables high protection in Atlantic salmon (Salmo salar). Vaccine 2017,
35, 626–632. [CrossRef] [PubMed]

http://doi.org/10.1016/j.aquaculture.2016.10.001
http://doi.org/10.1046/j.1365-2761.2002.00327.x
http://doi.org/10.1016/j.fsi.2014.02.017
http://doi.org/10.1111/jfd.12977
http://doi.org/10.1016/j.fsi.2015.06.014
http://doi.org/10.1016/j.fsi.2019.02.042
http://www.ncbi.nlm.nih.gov/pubmed/30807857
http://doi.org/10.1111/jfd.13041
http://doi.org/10.1016/j.fsi.2019.03.071
http://www.ncbi.nlm.nih.gov/pubmed/30951851
http://doi.org/10.3390/vaccines8020163
http://doi.org/10.17957/IJAB/15.0575
http://doi.org/10.1016/j.vaccine.2011.08.082
http://www.ncbi.nlm.nih.gov/pubmed/21872628
http://doi.org/10.1016/j.vaccine.2013.08.052
http://doi.org/10.1016/j.aquaculture.2015.12.005
http://doi.org/10.2323/jgam.60.241
http://doi.org/10.3147/jsfp.37.145
http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S1027-28522014000100004
http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S1027-28522014000100004
http://doi.org/10.1016/j.aquaculture.2018.06.063
http://doi.org/10.1111/jfd.12803
http://doi.org/10.1016/j.fsi.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29017943
http://doi.org/10.1016/j.molimm.2018.12.018
http://doi.org/10.1016/j.fsi.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/26994669
http://doi.org/10.3389/fimmu.2015.00244
http://doi.org/10.1016/j.fsi.2016.04.027
http://doi.org/10.1016/j.vaccine.2016.12.013
http://www.ncbi.nlm.nih.gov/pubmed/28012776


Vaccines 2021, 9, 140 25 of 27

60. Vendramin, N.; Alencar, A.L.F.; Iburg, T.M.; Dahle, M.K.; Wessel, Ø.; Olsen, A.B.; Rimstad, E.; Olesen, N.J. Piscine orthoreovirus
infection in atlantic salmon (Salmo salar) protects against subsequent challenge with infectious hematopoietic necrosis virus (ihnv).
Vet. Res. 2018, 49, 1–12. [CrossRef]

61. Lund, M.; Røsæg, M.V.; Krasnov, A.; Timmerhaus, G.; Nyman, I.B.; Aspehaug, V.; Rimstad, E.; Dahle, M.K. Experimental Piscine
orthoreovirus infection mediates protection against pancreas disease in Atlantic salmon (Salmo salar). Vet. Res. 2016. [CrossRef]

62. Wessel, Ø.; Haugland, Ø.; Rode, M.; Fredriksen, B.N.; Dahle, M.K.; Rimstad, E. Inactivated Piscine orthoreovirus vaccine protects
against heart and skeletal muscle inflammation in Atlantic salmon. J. Fish Dis. 2018, 41, 1411–1419. [CrossRef]

63. Haatveit, H.M.; Hodneland, K.; Braaen, S.; Hansen, E.F.; Nyman, I.B.; Dahle, M.K.; Frost, P.; Rimstad, E. DNA vaccine expressing
the non-structural proteins of Piscine orthoreovirus delay the kinetics of PRV infection and induces moderate protection against
heart -and skeletal muscle inflammation in Atlantic salmon (Salmo salar). Vaccine 2018, 36, 7599–7608. [CrossRef] [PubMed]

64. Chang, C.J.; Gu, J.; Robertsen, B. Protective effect and antibody response of DNA vaccine against salmonid alphavirus 3 (SAV3) in
Atlantic salmon. J. Fish Dis. 2017, 40, 1775–1781. [CrossRef]

65. Chin, A.; Woo, P.T.K. Innate cell-mediated immune response and peripheral leukocyte populations in Atlantic salmon, Salmo salar
L., to a live Cryptobia salmositica vaccine. Parasitol. Res. 2005, 95, 299–304. [CrossRef]

66. Carpio, Y.; Basabe, L.; Acosta, J.; Rodríguez, A.; Mendoza, A.; Lisperger, A.; Zamorano, E.; González, M.; Rivas, M.; Contreras, S.;
et al. Novel gene isolated from Caligus rogercresseyi: A promising target for vaccine development against sea lice. Vaccine 2011, 29,
2810–2820. [CrossRef] [PubMed]

67. Valdenegro-Vega, V.A.; Cook, M.; Crosbie, P.; Bridle, A.R.; Nowak, B.F. Vaccination with recombinant protein (r22C03), a putative
attachment factor of Neoparamoeba perurans, against AGD in Atlantic salmon (Salmo salar) and implications of a co-infection with
Yersinia ruckeri. Fish Shellfish Immunol. 2015, 44, 592–602. [CrossRef] [PubMed]

68. Swain, J.K.; Carpio, Y.; Johansen, L.-H.; Velazquez, J.; Hernandez, L.; Leal, Y.; Kumar, A.; Estrada, M.P. Impact of a candidate
vaccine on the dynamics of salmon lice (Lepeophtheirus salmonis) infestation and immune response in Atlantic salmon (Salmo salar
L.). PLoS ONE 2020, 15, e0239827. [CrossRef] [PubMed]

69. 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]

70. 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] [PubMed]

71. Gauthier, D.T.; Rhodes, M.W. Mycobacteriosis in fishes: A review. Vet. J. 2009, 180, 33–47. [CrossRef]
72. Avendaño-Herrera, R.; Toranzo, A.E.; Magariños, B. Tenacibaculosis infection in marine fish caused by Tenacibaculum maritimum:

A review. Dis. Aquat. Organ. 2006, 71, 255–266. [CrossRef]
73. 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]

74. Barnes, A.; Dos Santos, N.; Ellis, A. Update on bacterial vaccines: Photobacterium damselae subsp. piscicida. Dev. Biol. 2005, 121,
75–84.

75. Gao, L.Y.; Pak, M.; Kish, R.; Kajihara, K.; Brown, E.J. A mycobacterial operon essential for virulence in vivo and invasion and
intracellular persistence in macrophages. Infect. Immun. 2006, 74, 1757–1767. [CrossRef] [PubMed]

76. Thiery, R.; Cozien, J.; Cabon, J.; Lamour, F.; Baud, M.; Schneemann, A. Induction of a Protective Immune Response against Viral
Nervous Necrosis in the European Sea Bass Dicentrarchus labrax by Using Betanodavirus Virus-Like Particles. J. Virol. 2006, 80,
10201–10207. [CrossRef]

77. Lai, Y.X.; Jin, B.L.; Xu, Y.; Huang, L.J.; Huang, R.Q.; Zhang, Y.; Kwang, J.; He, J.G.; Xie, J.F. Immune responses of orange-spotted
grouper, Epinephelus coioides, against virus-like particles of betanodavirus produced in Escherichia coli. Vet. Immunol. Immunopathol.
2014, 157, 87–96. [CrossRef] [PubMed]

78. Lin, C.S.; Lu, M.W.; Tang, L.; Liu, W.; Chao, C.B.; Lin, C.J.; Krishna, N.K.; Johnson, J.E.; Schneemann, A. Characterization of
virus-like particles assembled in a recombinant baculovirus system expressing the capsid protein of a fish nodavirus. Virology
2001, 290, 50–58. [CrossRef] [PubMed]

79. Nozzi, V.; Strofaldi, S.; Piquer, I.F.; Di Crescenzo, D.; Olivotto, I.; Carnevali, O. Amyloodinum ocellatum in Dicentrarchus labrax:
Study of infection in salt water and freshwater aquaponics. Fish Shellfish Immunol. 2016, 57, 179–185. [CrossRef] [PubMed]

80. Byadgi, O.; Beraldo, P.; Volpatti, D.; Massimo, M.; Bulfon, C.; Galeotti, M. Expression of infection-related immune response
in European sea bass (Dicentrarchus labrax) during a natural outbreak from a unique dinoflagellate Amyloodinium ocellatum.
Fish Shellfish Immunol. 2019, 84, 62–72. [CrossRef]

81. Gupta, M.V.; Acosta, B.O. A review of global tilapia farming practices. Aquac. Asia 2004, IX, 1–14.
82. Prabu, E.; Rajagopalsamy, C.B.T.; Ahilan, B.; Jeevagan, I.J.M.A.; Renuhadevi, M. Tilapia—An Excellent Candidate Species for

World Aquaculture: A Review. Annu. Res. Rev. Biol. 2019, 31, 1–14. [CrossRef]
83. Bierne, H.; Mazmanian, S.K.; Trost, M.; Pucciarelli, M.G.; Liu, G.; Dehoux, P.; Jänsch, L.; Garcia-del Portillo, F.; Schneewind, O.;

Cossart, P. Inactivation of the srtA gene in Listeria monocytogenes inhibits anchoring of surface proteins and affects virulence.
Mol. Microbiol. 2002, 43, 869–881. [CrossRef]

http://doi.org/10.1186/s13567-018-0524-z
http://doi.org/10.1186/s13567-016-0389-y
http://doi.org/10.1111/jfd.12835
http://doi.org/10.1016/j.vaccine.2018.10.094
http://www.ncbi.nlm.nih.gov/pubmed/30392768
http://doi.org/10.1111/jfd.12644
http://doi.org/10.1007/s00436-004-1270-x
http://doi.org/10.1016/j.vaccine.2011.01.109
http://www.ncbi.nlm.nih.gov/pubmed/21320542
http://doi.org/10.1016/j.fsi.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25804487
http://doi.org/10.1371/journal.pone.0239827
http://www.ncbi.nlm.nih.gov/pubmed/33006991
http://doi.org/10.1111/age.12779
http://www.ncbi.nlm.nih.gov/pubmed/30883830
http://doi.org/10.1111/tbed.13482
http://www.ncbi.nlm.nih.gov/pubmed/31960605
http://doi.org/10.1016/j.tvjl.2008.05.012
http://doi.org/10.3354/dao071255
http://doi.org/10.1002/aah.10045
http://doi.org/10.1128/IAI.74.3.1757-1767.2006
http://www.ncbi.nlm.nih.gov/pubmed/16495549
http://doi.org/10.1128/JVI.01098-06
http://doi.org/10.1016/j.vetimm.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24252246
http://doi.org/10.1006/viro.2001.1157
http://www.ncbi.nlm.nih.gov/pubmed/11883005
http://doi.org/10.1016/j.fsi.2016.07.036
http://www.ncbi.nlm.nih.gov/pubmed/27542617
http://doi.org/10.1016/j.fsi.2018.09.069
http://doi.org/10.9734/arrb/2019/v31i330052
http://doi.org/10.1046/j.1365-2958.2002.02798.x


Vaccines 2021, 9, 140 26 of 27

84. Weiss, W.J.; Lenoy, E.; Murphy, T.; Tardio, L.A.; Burgio, P.; Projan, S.J.; Schneewind, O.; Alksne, L. Effect of srtA and srtB gene
expression on the virulence of Staphylococcus aureus in animal models of infection. J. Antimicrob. Chemother. 2004, 53, 480–486.
[CrossRef] [PubMed]

85. Bolken, T.C.; Franke, C.A.; Jones, K.F.; Zeller, G.O.; Jones, C.H.; Dutton, E.K.; Hruby, D.E. Inactivation of the srtA gene in
Streptococcus gordonii inhibits cell wall anchoring of surface proteins and decreases in vitro and in vivo adhesion. Infect. Immun.
2001, 69, 75–80. [CrossRef]

86. Kharat, A.S.; Tomasz, A. Inactivation of the srtA gene affects localization of surface proteins and decreases adhesion of Streptococcus
pneumoniae to human pharyngeal cells in vitro. Infect. Immun. 2003, 71, 2758–2765. [CrossRef] [PubMed]

87. Vanier, G.; Sekizaki, T.; Domínguez-Punaro, M.C.; Esgleas, M.; Osaki, M.; Takamatsu, D.; Segura, M.; Gottschalk, M. Disruption
of srtA gene in Streptococcus suis results in decreased interactions with endothelial cells and extracellular matrix proteins.
Vet. Microbiol. 2008, 127, 417–424. [CrossRef] [PubMed]

88. Ramirez-Paredes, J.G.; Larsson, P.; Thompson, K.D.; Penman, D.J.; Busse, H.J.; Öhrman, C.; Sjödin, A.; Soto, E.; Richards, R.H.;
Adams, A.; et al. Reclassification of Francisella noatunensis subsp. orientalis ottem et al. 2009 as Francisella orientalis sp. nov.,
Francisella noatunensis subsp. chilensis subsp. nov. and emended description of Francisella noatunensis. Int. J. Syst. Evol. Microbiol.
2020, 70, 2034–2048. [CrossRef]

89. Shoemaker, C.A.; Klesius, P.H.; Evans, J.J. Immunization of eyed channel catfish, Ictalurus punctatus, eggs with monovalent
Flavobacterium columnare vaccine and bivalent F. columnare and Edwardsiella ictaluri vaccine. Vaccine 2007, 25, 1126–1131. [CrossRef]
[PubMed]

90. Klesius, P.H.; Shoemaker, C.A. Development and use of modified live Edwardsiella ictaluri vaccine against enteric septicemia of
catfish. In Advances in Veterinary Medicine; Elsevier: Amsterdam, The Netherlands, 1999.

91. Mohanty, B.R.; Sahoo, P.K. Edwardsiellosis in fish: A brief review. J. Biosci. 2007, 32, 1331–1344. [CrossRef] [PubMed]
92. Criollo-Joaquin, M.; Motte, E.; Salvatierra, M.; Medina, J.; Diringer, B.; Sandoval, G.; Mialhe, E. Design and evaluation of the

expression of a potential DNA vaccine against Tilapia lake virus (TiLV). Rev. Peru. Biol. 2019, 26, 301–310. [CrossRef]
93. Mugimba, K.K.; Lamkhannat, M.; Dubey, S.; Mutoloki, S.; Munang’andu, H.M.; Evensen, Ø. Tilapia lake virus downplays innate

immune responses during early stage of infection in Nile tilapia (Oreochromis niloticus). Sci. Rep. 2020. [CrossRef]
94. Iversen, A.; Asche, F.; Hermansen, Ø.; Nystøyl, R. Production cost and competitiveness in major salmon farming countries

2003–2018. Aquaculture 2020, 522, 735089. [CrossRef]
95. Boerlage, A.S.; Ashby, A.; Herrero, A.; Reeves, A.; Gunn, G.J.; Rodger, H.D. Epidemiology of marine gill diseases in Atlantic

salmon (Salmo salar) aquaculture: A review. Rev. Aquac. 2020, 12, 2140–2159. [CrossRef]
96. Gill Disease to Cost Salmon Farmers £30m. Available online: https://www.heraldscotland.com/business_hq/13088723.gill-

disease-to-cost-salmon-farmers-30m/ (accessed on 4 February 2021).
97. Stormoen, M.; Kristoffersen, A.B.; Jansen, P.A. Mortality related to pancreas disease in Norwegian farmed salmonid fish, Salmo

salar L. and Oncorhynchus mykiss (Walbaum). J. Fish Dis. 2013, 36, 639–645. [CrossRef]
98. Stokes, W.S.; Brown, K.; Kulpa-Eddy, J.; Srinivas, G.; Halder, M.; Draayer, H.; Galvin, J.; Claassen, I.; Gifford, G.; Woodland, R.;

et al. Improving Animal Welfare and Reducing Animal Use for Veterinary Vaccine Potency Testing: State-Of-The-Science and
Future Directions. Procedia Vaccinol. 2011, 5, 84–105. [CrossRef]

99. Chang, C.J.; Sun, B.; Robertsen, B. Adjuvant activity of fish type I interferon shown in a virus DNA vaccination model. Vaccine
2015, 33, 2442–2448. [CrossRef]

100. Ballesteros, N.A.; Alonso, M.; Saint-Jean, S.R.; Perez-Prieto, S.I. An oral DNA vaccine against infectious haematopoietic necrosis
virus (IHNV) encapsulated in alginate microspheres induces dose-dependent immune responses and significant protection in
rainbow trout (Oncorhynchus mykiss). Fish Shellfish Immunol. 2015, 45, 877–888. [CrossRef]

101. Woo, P.T.K. Cryptobia (Trypanoplasma) salmositica and salmonid cryptobiosis. J. Fish Dis. 2003, 26, 627–646. [CrossRef]
102. Li, S.; Woo, P.T.K. Efficacy of a live Cryptobia salmositica vaccine, and the mechanism of protection in vaccinated rainbow trout,

Oncorhynchus mykiss, against cryptobiosis. Vet. Immunol. Immunopathol. 1995, 48, 343–353. [CrossRef]
103. Valdenegro-Vega, V.A.; Crosbie, P.B.B.; Cook, M.T.; Vincent, B.N.; Nowak, B.F. Administration of recombinant attachment protein

(r22C03) of Neoparamoeba perurans induces humoral immune response against the parasite in Atlantic salmon (Salmo salar).
Fish Shellfish Immunol. 2014, 38, 294–302. [CrossRef]

104. Leal, Y.; Velazquez, J.; Hernandez, L.; Swain, J.K.; Rodríguez, A.R.; Martínez, R.; García, C.; Ramos, Y.; Estrada, M.P.; Carpio, Y.
Promiscuous T cell epitopes boosts specific IgM immune response against a P0 peptide antigen from sea lice in different teleost
species. Fish Shellfish Immunol. 2019, 92, 322–330. [CrossRef]

105. Eichner, C.; Nilsen, F.; Grotmol, S.; Dalvin, S. A method for stable gene knock-down by RNA interference in larvae of the salmon
louse (Lepeophtheirus salmonis). Exp. Parasitol. 2014, 140, 44–51. [CrossRef]

106. Munang’andu, H.M.; Evensen, Ø. Correlates of protective immunity for fish vaccines. Fish Shellfish Immunol. 2019, 85, 132–140.
[CrossRef]

107. Wang, W.; Sun, J.; Liu, C.; Xue, Z. Application of immunostimulants in aquaculture: Current knowledge and future perspectives.
Aquac. Res. 2017, 48, 1–23. [CrossRef]

108. Tafalla, C.; Bøgwald, J.; Dalmo, R.A. Adjuvants and immunostimulants in fish vaccines: Current knowledge and future
perspectives. Fish Shellfish Immunol. 2013, 35, 1740–1750. [CrossRef] [PubMed]

http://doi.org/10.1093/jac/dkh078
http://www.ncbi.nlm.nih.gov/pubmed/14762051
http://doi.org/10.1128/IAI.69.1.75-80.2001
http://doi.org/10.1128/IAI.71.5.2758-2765.2003
http://www.ncbi.nlm.nih.gov/pubmed/12704150
http://doi.org/10.1016/j.vetmic.2007.08.032
http://www.ncbi.nlm.nih.gov/pubmed/17954016
http://doi.org/10.1099/ijsem.0.004009
http://doi.org/10.1016/j.vaccine.2006.09.055
http://www.ncbi.nlm.nih.gov/pubmed/17050050
http://doi.org/10.1007/s12038-007-0143-8
http://www.ncbi.nlm.nih.gov/pubmed/18202458
http://doi.org/10.15381/rpb.v26i3.15516
http://doi.org/10.1038/s41598-020-73781-y
http://doi.org/10.1016/j.aquaculture.2020.735089
http://doi.org/10.1111/raq.12426
https://www.heraldscotland.com/business_hq/13088723.gill-disease-to-cost-salmon-farmers-30m/
https://www.heraldscotland.com/business_hq/13088723.gill-disease-to-cost-salmon-farmers-30m/
http://doi.org/10.1111/jfd.12060
http://doi.org/10.1016/j.provac.2011.10.006
http://doi.org/10.1016/j.vaccine.2015.03.093
http://doi.org/10.1016/j.fsi.2015.05.045
http://doi.org/10.1046/j.1365-2761.2003.00500.x
http://doi.org/10.1016/0165-2427(95)05445-C
http://doi.org/10.1016/j.fsi.2014.03.034
http://doi.org/10.1016/j.fsi.2019.06.018
http://doi.org/10.1016/j.exppara.2014.03.014
http://doi.org/10.1016/j.fsi.2018.03.060
http://doi.org/10.1111/are.13161
http://doi.org/10.1016/j.fsi.2013.02.029
http://www.ncbi.nlm.nih.gov/pubmed/23507338


Vaccines 2021, 9, 140 27 of 27

109. Munang’andu, H.M.; Salinas, I.; Tafalla, C.; Dalmo, R.A. Editorial: Vaccines and Immunostimulants for Finfish. Front. Immunol.
2020, 11, 1–4. [CrossRef]

110. Picchietti, S.; Miccoli, A.; Fausto, A.M. Gut immunity in European sea bass (Dicentrarchus labrax): A review. Fish Shellfish Immunol.
2021, 108, 94–108. [CrossRef]

111. Parra, D.; Reyes-Lopez, F.E.; Tort, L. Mucosal Immunity and B Cells in Teleosts: Effect of Vaccination and Stress. Front. Immunol.
2015, 6, 354. [CrossRef] [PubMed]

112. Koppang, E.O.; Kvellestad, A.; Fischer, U. Fish mucosal immunity: Gill. In Mucosal Health in Aquaculture; Elsevier: Amsterdam,
The Netherlands, 2015; ISBN 9780124171930.

113. Xu, Z.; Parra, D.; Gómez, D.; Salinas, I.; Zhang, Y.A.; Von Gersdorff Jørgensen, L.; Heinecke, R.D.; Buchmann, K.; LaPatra, S.;
Oriol Sunyer, J. Teleost skin, an ancient mucosal surface that elicits gut-like immune responses. Proc. Natl. Acad. Sci. USA 2013,
110, 13097–13102. [CrossRef] [PubMed]

114. Yu, Y.; Wang, Q.; Huang, Z.; Ding, L.; Xu, Z. Immunoglobulins, Mucosal Immunity and Vaccination in Teleost Fish. Front. Immunol.
2020, 11, 567941. [CrossRef]

115. Das, P.K.; Salinas, I. Fish nasal immunity: From mucosal vaccines to neuroimmunology. Fish Shellfish Immunol. 2020, 104, 165–171.
[CrossRef] [PubMed]

116. Cabillon, N.; Lazado, C. Mucosal Barrier Functions of Fish under Changing Environmental Conditions. Fishes 2019, 4, 2.
[CrossRef]

http://doi.org/10.3389/fimmu.2020.573771
http://doi.org/10.1016/j.fsi.2020.12.001
http://doi.org/10.3389/fimmu.2015.00354
http://www.ncbi.nlm.nih.gov/pubmed/26236311
http://doi.org/10.1073/pnas.1304319110
http://www.ncbi.nlm.nih.gov/pubmed/23884653
http://doi.org/10.3389/fimmu.2020.567941
http://doi.org/10.1016/j.fsi.2020.05.076
http://www.ncbi.nlm.nih.gov/pubmed/32497724
http://doi.org/10.3390/fishes4010002

	Introduction 
	Vaccine Research against Diseases in European Sea Bass Dicentrarchus labrax (Linnaeus 1758) 
	Bacterial Diseases 
	Viral Diseases 
	Parasitic Diseases 

	Vaccine Research against Diseases in Nile Tilapia Oreochromis niloticus (Linnaeus 1758) 
	Bacterial Diseases 
	Viral Diseases 
	Parasitic Diseases 

	Vaccine Research against Diseases in Atlantic Salmon Salmo salar (Linnaeus 1758) 
	Bacterial Diseases 
	Viral Diseases 
	Parasitic Diseases 

	Conclusions 
	References

