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Abstract: Francisellosis in fish is caused by the facultative intracellular Gram-negative bacterial
pathogens Francisella noatunensis ssp. noatunensis and Francisella orientalis. The disease is affecting both
farmed and wild fish worldwide and no commercial vaccines are currently available. In this study,
we tested isolated membrane vesicles (MVs) as possible vaccine candidates based on previous trials
in zebrafish (Danio rerio) indicating promising vaccine efficacy. Here, the MV vaccine-candidates were
tested in their natural hosts, Atlantic cod (Gadus morhua L.) and Nile tilapia (Oreochromis niloticus).
Injection of MVs did not display any toxicity or other negative influence on the fish and gene
expression analysis indicated an influence on the host immune response. However, unlike in other
tested fish species, a protective immunity following vaccine application and immunization period
could not be detected in the Atlantic cod or tilapia. Further in vivo studies are required to achieve a
better understanding of the development of immunological memory in different fish species.

Keywords: francisellosis; vaccine; membrane vesicles; fish disease; Atlantic cod; tilapia

1. Introduction

Members of the Francisellaceae are Gram-negative, aerobic, facultative intracellular
cocco-bacilli with sizes ranging from 300 to 700 nm in diameter [1–4]. The francisella
species causes infection in a range of hosts. Most subspecies within Francisella tularensis
cause the disease tularemia, which can infect a number of mammals, including humans [5].
Other Francisella species, F. noatunensis ssp. noatunensis (Fnn), F. noatunensis ssp. chilensis
and F. orientalis (Fo) (previously F. noatunensis ssp. orientalis) are adapted to the aquatic
environment. Fnn and Fo cause francisellosis, a systemic infection in both farmed and wild
fish living in cold or warm water, respectively [6–12].

Francisella infections in fish are mainly characterized by macroscopically visible gran-
uloma on gills and skin as well as formation of internal granulomas, usually prominent
in spleen, heart, kidney and liver [2,8,13]. Early reports of francisellosis caused by Fnn
were registered after several Norwegian Atlantic cod (Gadus morhua L.) farms experienced
losses of up to 40% between July and August 2005. The infection was described as a severe
granulomatous inflammatory disease [2,3]. Systematic granulomatous conditions had been
previously reported in cultured Nile tilapia (Oreochromis niloticus) (further referred to as
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tilapia) in Taiwan, Hawaii and the continental United States [6,14–16]. It was, however,
only confirmed in 2007 that the Fo species was the causative agent of these outbreaks [17].
Infections in tilapia with Fo display a high mortality rate, whereas infection in Atlantic cod
with Fnn is characterized as a chronic infection [13].

To date, there is no efficient vaccine against francisellosis available on the market.
Vaccine trials using whole-cell inactivated bacteria with or without different oil adjuvants
displayed only limited protection [18–20]. Attenuated live vaccines have demonstrated
protection, but may be subject to licensing difficulties due to possible reversion back
to virulence [21–24].

An alternative vaccine approach is the use of extracellular membrane vesicles (MVs)
secreted by the bacteria [25–27]. The spherical MVs are 10–300 nm in diameter and contain
different proteins, DNA, RNA and virulence factors and are thereby representing the
mother cell in a nonreplicative form [27,28]. Vaccination with MVs has previously been
shown to provide protection in a range of species [29,30]. In fish, MV immunization has
provided protection against, i.e., edwardsiellosis infection in olive flounder (Paralichthys
olivaceus) [31]. Moreover, immunization experiments against francisellosis using isolated
MVs showed promising results towards protective immunity against Fnn [26] and Fo [27]
in an adult zebrafish (Danio rerio) model. The immunization with Fo MVs induced an
antibody response in zebrafish and infection challenge of vaccinated zebrafish displayed a
65.5% survival rate [27]. Considering the nonlethal chronic infection characteristics of Fnn,
the vaccine derived from Fnn MVs, induced protection against subsequent Fnn infection in
zebrafish [26]. Due to the protective effect of the MV immunization observed in zebrafish
against infection from Fnn and Fo, in the current study the immunization properties of
isolated MVs were tested in their natural hosts, the Atlantic cod and tilapia, respectively.

2. Materials and Methods
2.1. Bacteria, Media and Growth Conditions

Fnn strain NCIMB14265T was isolated from diseased Atlantic cod in Norway [2].
Fo strain 07-285A was an isolate from diseased tilapia in Costa Rica [32]. Cultivation
was performed on ECA plates consisting of 30.4 g/L BD Bacto™ Eugon Broth (Difco
Laboratories, US) supplemented with 15 g/L Microbiology Agar (Merck) and 5% bovine
blood (Håtunlab AB) or in Eugon Broth (BD BactoTM Eugon Broth, Difco Laboratories, US)
supplemented with 2 mM FeCl3 (Sigma-Aldrich, Saint Louis, MO, USA) with agitation (100
rpm) at 20 ◦C as previously described in [33,34]. Bacterial stocks were frozen in autoclaved
10% skimmed milk (Difco, Sparks, US) or in Bacto Eugon broth supplemented with 20%
glycerol (Sigma-Aldrich, Saint Louis, MO, USA) and stored at −80 ◦C.

2.2. Isolation of Membrane Vesicles

Fnn and Fo MVs were produced in batch fermentation (3-L Applikon fermenters) at
20 ◦C in BD Bacto™ Eugon Broth (Difco Laboratories, Franklin Lakes, NJ, USA) supple-
mented with 2 mM FeCl3 (Sigma-Aldrich, Saint Louis, MO, USA), and pH was retained
at 7.0. Dissolved oxygen was maintained at 20% with a flow of 15–24 VVh and stirring.
The culture was inoculated at OD600 of 0.1 and harvested at OD600 of 4.0. The culture was
centrifuged and the cell free supernatant was stored at−80 ◦C awaiting further purification
of MVs. The frozen ferment was thawed and sterile filtered (0.2 µm, Nalgene Rapid-Flow
Sterile Disposable Filter Units with PES Membrane, Cat. No: 124-0045, Thermo Fisher,
Waltham, MA, USA) prior to further processing. Tangential flow filtration was used under
sterile conditions to concentrate the MVs. The pump rate for filtration was 30–50 ml reten-
tate/min at a premembrane pressure of 1.0–1.8 bars. Three membranes (Pellicon XL 50 cm2

Microfiltration Cassettes, Merck Millipore, Burlington, MA, USA) with cut-offs of 10 kDa
were connected in parallel. The retentate (including MVs) was recirculated for ~3 h by recir-
culating the retentate flow to the feed solution. The concentrated fermentate was stored at
4 ◦C until ultracentrifugation (Sorvall 80 MX, (Thermo Scientific, Waltham, MA, USA) with
a fixed angle rotor T-865, average 110,000× g, 2 h, 20 ◦C). The supernatant was decanted
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immediately after centrifugation, and the pellet was washed two times with hydroxyethyl
piperazineethanesulfonic acid (HEPES) buffer (50 mM, pH 6.8, Sigma-Aldrich, Saint Louis,
MO, USA) and centrifuged (110,000× g, 1 h, 20 ◦C). The pelleted MVs were suspended in
Phosphate Buffered Saline (PBS) solution. A small volume of purified MVs was spread
on ECA plates (see Section 2.1) and Luria-Bertani (LB) agar plates (LB broth with agar,
Sigma-Aldrich, Saint Louis, MO, USA) to ensure sterility. The protein concentration was
measured with a Qubit 2.0 Fluorometer (Invitrogen by Life Technologies, San Diego, CA,
USA) and used as an indirect estimate of MV concentration. MVs were frozen at −80 ◦C
before use in vaccination trials.

2.3. Toxicity, Immunization and Challenge Trial in Tilapia

The toxicity of different concentrations of MVs was assessed in a pilot toxicity trial in
tilapia. All experiments in tilapia were performed at the Norwegian University of Life Sci-
ences, following the regulations controlling experiments with live animals in Norway and
approved by the Norwegian Food Safety Authority, Oslo, Norway (FOTS ID 6966/7026).
The experimental fish were held in recirculating aquaculture systems (RAS) in 250 L tanks
(32 fish), at a water temperature of 25 ◦C, pH 7.4 with dissolved oxygen at least 5.4 mg/L or
better; the experimental animals were fed daily (Aller Aqua, Christiansfeld, Denmark) at a
rate of 2% bodyweight according to standard protocols as described in Soto et al. 2013 [10].
The fish were incubated with 12 h light and 12 h dark photoperiods and were monitored
daily. Experiments were conducted on randomly chosen animals of both gender at an aver-
age weight of 25 g (fish were bulked weight); animals were marked with Radio Frequency
Identification (RFID) tags (also called Passive integrated transponder (PIT) tags) [35].

The trial included four test groups, each consisting of eight fish. The different test
groups were intraperitoneal (IP) injected with 100 µL physiological saline solution con-
taining either 40 or 400 µg of MVs from Fo or physiological saline alone. One test group
served as control where the fish remained untreated. Fourteen days after injection all
fish were euthanized with 0.03 mg/L Benzoak® 200 mg/mL (ACD Pharmaceuticals AS,
Leknes, Norway). Gene expression levels were evaluated using harvested spleen tissue
for quantitative PCR (qPCR) analysis. Additionally, serum samples were taken to evaluate
Fo specific immunoglobulin (IgM) antibody level, using enzyme-linked immunosorbent
assay (ELISA).

For the MV immunization trial in tilapia, an IP injection of 40 µg of MV suspended in
100 µL PBS, isolated from Fo, was administered. The fish had an average start weight of
25 g and were held and fed under the same conditions as described above for the toxicity
experiment. The four experimental groups with 36 tilapia in each group were kept in
perforated metal baskets with metal nets (pore size 2 mm) in the same 250 L glass fiber tank.
The four experimental groups consisted of a MV vaccinated group injected with 100 µL of
40 µg of Fo MVs emulsified in the adjuvant Montanide ISA 761 VG; L10415 (Seppic), an
adjuvant group, a placebo group (injected with 100 µL physiological saline) and a control
group (did not receive any treatment). Each of the experimental groups consisted of 36 fish.
After vaccination, the fish were held for 24 days (600 degree/days) to allow development of
specific immunity. Following the immunization period, fish were subjected to cohabitation
challenge with disease carriers (shedders; 29 fish) that were inoculated intraperitoneally
with 100 µL of Fo (3× 105 CFU/mL) and kept in a separate tank of 250 L that was connected
to the experimental tank with a recirculating pump introducing the Fo pathogen into the
rearing water. Mortality was monitored for 61 days. For evaluation of immune response
parameters, spleen and head kidney tissues were collected and used for qPCR analysis.
Head kidney, heart and muscle tissues from survivors were collected after 61 days for later
evaluation of bacterial burden by qPCR.

2.4. Toxicity, Immunization and Challenge in Atlantic Cod

All experiments in Atlantic cod were performed at Tromsø research station, Kårvika,
following the regulations controlling experiments with live animals in Norway and ap-
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proved by the Norwegian Food Safety Authority (FOTS ID 8171/8172). To exclude potential
harmfulness of different concentrations of MVs isolated from Fnn, a toxicity trial was per-
formed. The experimental groups were held together in one 300 L tank (32 fish). The
fish were of mixed gender and were marked with RFID tags. During the duration of the
experiments, the fish were maintained at 12 ◦C water temperature with fresh flow through
marine water (1.5 L/kg/min) and dissolved oxygen was 8.0 mg/L or better. The fish were
exposed to 12 h of artificial light and fed twice a day with dry pellets at a rate of 1% of
the body weight (start weight 30 g). Two different doses of Fnn MVs (40 and 400 µg) were
administered to two groups of fish by a single IP injection dissolved in 100 µL of physio-
logical saline solution. Additionally, a placebo group (injected with 100 µL of physiological
saline) and a control group (did not receive any treatment) were included in the toxicity
trial. Each experimental group consisted of 8 fish. After 14 days, the fish were euthanized
using a two-stage procedure suitable for fish with anesthesia using 0.03 mg/L Benzoak®

200 mg/mL (ACD Pharmaceuticals AS, Leknes, Norway) followed by a sharp blow to the
head. Spleen tissues from all groups were harvested and immune gene expression levels
were evaluated using qPCR.

For the MV immunization trial in Atlantic cod, the fish were kept under the same
conditions as described above and had a starting weight of 30 g (fish were bulk weight).
The size of the tank the fish were kept in was 1800 L. All groups were held together in one
tank (312 fish). Fish were randomly put into 4 groups of 65 individuals; each individual
from the vaccine group received a single IP injection of 100 µL solution containing 40 µg
MV conjugated with Montanide ISA 761 VG L10415 (Seppic) adjuvant. Individuals from
the adjuvant group received an injection with Montanide ISA 761 VG L10415 only. Fish
from the placebo group received a single IP injection of 100 µL of physiological saline.
The fourth group was an untreated control group. Fifty days after injection, the fish were
challenged using a cohabitation model using shedder fish (40 individuals), to allow natural
disease transmittance between the groups. Shedders were inoculated by IP injection of the
pathogen (3.0 × 107 CFU/mL). The fish were observed for around 8 weeks (61 days) and
random fish of each group were euthanized at the set time-point of 30 days postchallenge
(dpc) (12 fish per group) and 61 dpc (24 fish per group) for sampling of head kidney, spleen
and serum for experimental evaluation of immune gene expression level using qPCR.

2.5. Bacteriology

The liver and a block of tissue of randomly selected tilapia were aseptically collected
and homogenized with steel beads in 500 µL of sterile 1% NaCl for 20 s to disrupt tissues.
The suspension was briefly spun in a microcentrifuge and plated on Eugon Chocolate Agar
(BD). Plates were incubated at 20 ◦C and observed for colonies. Colonies were verified
with Gram staining (data not shown).

2.6. RNA Isolation and Quantitative Real-Time PCR

Tissues harvested for RNA isolation were stored in RNAlater (Ambion, Life Technolo-
gies, Carlsbad, CA, US) at −20 ◦C until further processing. Total RNA was extracted using
the RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
Tissues were homogenized in 600 µL of RLT buffer (supplemented in RNeasy Plus Mini Kit,
Qiagen) using glass beads (Sigma Aldrich) and homogenizer Precellys 24 (Bertin Technolo-
gies, Minilys, Montigny le Bretonneux, France). RNA was eluted in 30 µL RNAse-free H2O
(Qiagen). RNA was quantified using a Nanodrop UV5Nano (Mettler Toledo, Greifensee,
Switzerland). Reverse transcription was performed using a High Capacity RNA to cDNA
kit (Applied Biosystems, Thermo Scientific, Vilnius, Lithuania) following the manufac-
turer’s protocol. Gene expression levels were analyzed via qPCR using a CFX89 lightcycler
(Bio-Rad, Singapore). The reaction was carried out using either LightCycler®480 SYBR
Green I Master (Roche, Indianapolis, IN, US) or iTaq Universal SYBR Green Supermix
(Bio-Rad, US), cDNA was diluted to 1:10 and the final reaction volume was 10 µL. Primers
used are listed in Table A1 and qPCR was performed at 62 ◦C annealing temperature and
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40 cycles. Relative expression (∆∆Ct) was calculated either using Bio-Rad CFX Maestro
software or the spreadsheet from Vandesompele et al. [36]. Gene expression was normal-
ized against one or two reference genes, respectively (β-actin in tilapia; ef1α and ubiquitin
(Ubi) in Atlantic cod), whose stability was tested with the Bio-Rad CFX Maestro software.
For Atlantic cod the following immune marker genes were measured: il1β, il6, il8, il10,
infγ, igm-lc, igm-hc, while for tilapia il1β, tnfα, cd83, igm, infγ, il12, cox2, mhcII, igd immune
marker genes were measured. All immune marker genes were tested for both the MV
toxicity and the MV vaccination trial. Genes that did not display any detectable expression
level were not included in the figures.

2.7. Serum Collection and ELISA

Serum samples from tilapia were collected from eight fish at the end of the toxicity
trial. In the case of Atlantic cod, serum samples were collected from three fish from both
the toxicity assay and from three fish from each group in the vaccine trial at the time-
points 0, 30 and 61 dpc. Enzyme-linked immunosorbent assay (ELISA) was performed
using an anti-Tilapia (Oreochromis niloticus) IgM monoclonal antibody (Aquatic Diagnostics
Ltd., Stirling, Scotland) and anti-Cod (G. morhua L)/Haddock (Melanogrammus aeglefinus)
IgM monoclonal antibody (Aquatic Diagnostics Ltd., Stirling, Scotland), following the
manufacturer’s protocol.

2.8. Quantification of Bacterial Burden in Tilapia

The presence of bacterial genomic DNA (gDNA) in heart, head kidney and muscle
tissues was evaluated using a primer pair specific for Fo [37] (Table A1). Sampled tissue was
transferred to RNAlater (Ambion) and stored at 4 ◦C. Extraction of gDNA was performed
with the DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer’s protocol;
qPCR was performed with a volume of 20 µL and Fo gDNA was used as standard for the
qPCR plate.

2.9. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 8. The
data were checked for normal distribution (Shapiro–Wilk Normality test) and outliers were
identified and removed using robust regression and outlier removal (ROUT) (Q = 1%). The
assumption of equal variances (i.e., assumption of homoscedasticity) was tested using the
Brown–Forsythe test and, if needed, the data were log-transformed to meet the test criteria.
Statistically relevant differences in gene expression among treatments were assessed by
one-way ANOVA, followed by a Tukey multiple comparison test. The survival curve was
generated using the Kaplan–Meier method.

3. Results
3.1. Fo MV Toxicity and Immunization Trial in Tilapia
3.1.1. High Concentration of Fo MVs Are Not Toxic and Elicit a Limited Immune Response
in Tilapia

Before initiating the MV vaccine trial in tilapia, the toxicity of two different doses
of MVs were tested. The 40 µg dose was chosen based on previous concentrations of
MV used in immunization experiments in fish and mammals [27,31,38,39]. In addition,
a ten times higher dose of 400 µg was used. Tilapia did not display any clinical signs
or toxic reaction to either a low (40 µg) or high (400 µg) dose of injected MVs. During
dissection, no macroscopically visible pathological effects were observed in the internal
organs in response to the IP injection. To further evaluate differences in immune responses
to different MV concentrations, gene expression levels were measured for a selection of
immune-related genes (il1β, tnfα, cd83, igm, il12, infγ, cox2, mhcII).

Two genes, il1β and tnfα, were significantly upregulated in response to injection
with 400 µg of Fo MVs and, interestingly, the significant upregulation of tnfα was not
significant compared to the saline-treated group (Figure 1A). Surprisingly, transcription of
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infγ, il12 and mhcII were upregulated in response to the saline injection, which functioned
as a placebo treatment. For cd83 and igm, significant differences in expression were only
detected in the control and the saline-treated fish. No significant changes in cox2 gene
expression level in response to the IP injections were detected. No significant increase in
abundance of IgM specific antibodies was identified following ELISA of serum samples
from fish in the toxicity trial (Figure 1B).
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Figure 1. Immune responses in tilapia 14 days after injection of 40 or 400 µg of Fo membrane vesicles (MVs) compared
to saline-injected or untreated fish. (A) Log2 of relative mRNA abundance of a selection of immune genes performed
by qPCR on isolated spleen from eight fish per group. (B) Enzyme-linked immunosorbent assay (ELISA) measuring
specific IgM against Fo. Absorbance was measured at 450 nm. Labelling with different letters (a; b) indicates significant
differences between groups; groups that do not share letters are significantly different. The absence of letters indicates a
lack of significant differences (p < 0.05; one-way ANOVA with multiple comparisons using Tukey test; error bars indicate
mean ± SEM (standard error of the mean)). Note that the scale on Y-axis can differ in (A).
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3.1.2. MV Immunization Did Not Protect Tilapia From Fo Infection

After establishing that Fo MVs did not give rise to any toxic effect, an immunization
and challenge experiment was set up with the Fo MVs in tilapia. Although a limited
immune response in the fish from the toxicity experiment was observed for the high (400 µg)
dose, the dose of 40 µg Fo MVs was chosen for the vaccine experiment. To compensate for a
reduced immune response and due to the fact that many commercial vaccine formulations
include an adjuvant, the Fo MVs were mixed with an adjuvant before immunization.
Surprisingly, no differences in survival were detected between the different groups, whether
they were immunized with the MV formulation or not (Figure 2A). Aligned with these
results is the observation that no significant differences in expression levels of the immune
marker genes could be detected between any of the groups in the immunization trial
(Figure 1A).
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Figure 2. Survival and bacterial burden of adult tilapia immunized with Fo MVs and subsequently
challenged with Fo. (A) Kaplan–Meier curve of cumulative survival (%) of tilapia immunized with
40 µg Fo MVs, injected with adjuvant or a saline solution, or left untreated after a cohabitation
challenge with shedders injected with 3 × 105 CFU/mL of Fo. (B) Graphic represents median log2 of
Fo content in heart, muscle and kidney tissues collected during vaccine trial. The bacterial burden
was detected by qPCR of genomic DNA isolated from the respective tissues. Different letters (a; b)
indicate significant differences; groups that do not share letters are significantly different. The
absence of letters indicates a lack of significant differences (p < 0.05; one-way ANOVA with multiple
comparisons using Tukey test; error bars indicate mean ± SEM).
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The bacterial burden between the various groups was then measured using gDNA,
isolated from the euthanized fish (Figure 2B). In heart and kidney tissues, the detected Fo
content was similar for all four groups. In the muscle tissue, however, a significant increase
in Fo content was detected in the saline group compared to the control and vaccine groups,
but not to the adjuvant, which was not statistically different from vaccine and control.

3.2. Fnn MV Toxicity and Immunization Trial in Atlantic Cod

High concentrations of Fnn MVs are not toxic and do not induce significant immune
response in Atlantic cod.

When injecting Atlantic cod with either the 40 or 400 µg dose of MVs, none of the fish
showed any clinical signs or toxicity reaction. These results are similar to those observed in
tilapia. To further evaluate the potential immune responses to the MVs in the fish, gene
expression levels were monitored for a selection of immune regulating genes between the
different test groups (igm hc, igm lc, il1β, il6, il8, infγ, il10) (Figure A2). Interestingly, none
of the investigated genes showed any significant up- or downregulation in response to the
different concentrations of injected MVs or the saline injection.

Immunization with MVs Did Not Induce Immunity against Fnn Infection

Similar to tilapia, Atlantic cod was immunized with a dose of 40 µg of Fnn MVs during
the immunization and challenge trial. Also similar to tilapia, an adjuvant was used to boost
the lack of immune response observed during the toxicity trial. Throughout the duration
of the vaccine trial, both during the immunization and the challenge period, only three
fish from different groups died. This fits the characterization of francisellosis as a chronic
disease in Atlantic cod [13]. During sampling at 30 dpc, however, typical signs of infection
were observed. Fish from all groups had macroscopically visible granuloma in the liver,
which could in some cases also be seen on the spleen and kidney. Most of the fish had
pale hearts and gills and enlarged spleens and kidneys. In some fish, a congested liver
was observed in addition to the granuloma. Additionally, in some of the vaccinated and
adjuvant-treated fish, fusions between liver and muscle tissues in the intraperitoneal cavity
were observed.

A selection of immune genes that were found to be expressed in Atlantic cod samples
(igm, il1β, il8, infγ, il10) was used for the analysis of immune responses by qPCR from
both kidney and spleen harvested at 30 and 61 dpc. The primary immune response,
detected in form of igm expression, showed significant upregulation in the adjuvant-
treated group compared to the control and vaccine groups—30 dpc in the spleen tissue
(Figure 3). Compared to the gene expression level of igm at 30 dpc, the shedder group
showed an upregulation after 61 dpc, whereas the other groups seemed to have the same
expression level. In the head kidney, igm expression was upregulated in the shedder group
at 30 dpc and, interestingly, igm expression at 61 dpc was significantly downregulated in
the adjuvant- and saline-treated groups compared to the control group. The expression of
the proinflammatory cytokine il1β was constantly significantly higher in the shedder group
at the different time-points in the two different tissues—a trend also observed for il8, infγ
and il10. At 61 dpc in the kidney, il8 was downregulated in the adjuvant- and especially in
the saline-treated groups in comparison to the control and vaccinated groups. The same
downregulation of gene expression was observed for infγ in the kidney of the saline-treated
group at 61 dpc. In the case of il10, expression was only detected in the spleen and kidney
samples that were taken at 30 dpc, following the general detected trend of higher gene
expression in the shedder group, at least in the spleen tissue. In the head kidney, there
were no significant differences between the different groups for the expression level of il10.
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Figure 3. Immune gene expression levels in Atlantic cod immunized with Fnn MVs and challenged with Fnn. Sample
analysis was performed by qPCR on the spleen and kidney at two time-points—30 and 61 dpc. The relative gene expression
of different investigated genes displayed as log2 of relative mRNA abundance. Results marked with different letters (a; b)
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3.3. Increased IgM level in Fnn Immunized Atlantic Cod before and 30 Days Postchallenge

No difference in IgM against Fnn could be detected in any of the groups during the
MV toxicity trial in Atlantic cod (Figure 4). These samples were harvested only 14 days
after immunizations and could be the reason for this lack of immune response in the fish.
An increased abundance of IgM specific against Fnn could be detected in samples from the
immunized group injected with 40 µg of MVs 50 days after immunization compared to the
nonimmunized groups and the group injected only with adjuvant. The same observations
were made at 30 dpc. At days 0 and at 30 dpc, the antibody levels of vaccinated fish were
significantly higher than the antibody levels in all of the groups at 61 dpc.
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Figure 4. Detection of anti-Fnn IgM in the serum of Atlantic cod immunized with Fnn MVs assayed by ELISA in both
the toxicity and vaccine trials. In the toxicity trial, the fish were immunized with either 40 or 400 µg of Fnn MVs. In the
vaccine trial, the fish were immunized with either 40 µg of Fnn MVs mixed with an adjuvant or with adjuvant alone. In both
trials, a saline-injected group was included in addition to an untreated group (control). In the toxicity trial, the serum was
collected 14 days after Fnn MV injection. Serum samples were obtained from three fish from each respective group at given
time-points during the vaccine experiment. Results marked with different letters (a; b) show the significant difference;
groups that do not share letters are significantly different (p < 0.05; one-way ANOVA with multiple comparison using Tukey
test; error bars indicate mean ± SEM).

4. Discussion

Francisellosis caused by Fnn and Fo has emerged to a worldwide problem in fish
farms and efforts have been made to find an effective vaccine. The vaccine candidates
tested in this study are isolated MVs from Fnn and Fo, as MV vaccines against francisellosis
showed promising results when previously tested in an adult zebrafish model [26,27].
It was therefore of interest to investigate the possible vaccine application of isolated MVs
in the natural hosts of Fnn and Fo, the Atlantic cod and tilapia, respectively. Interestingly,
but unfortunately, a protective immunity could not be observed in the natural hosts, the
Atlantic cod and tilapia, when the fish were immunized with MVs isolated from Fnn or
Fo. When initially testing the potential toxicity of the MVs in the fish, an interesting result
in tilapia was the upregulation of the proinflammatory cytokine il1β in the spleen of fish
injected with 400 µg of MVs. This upregulation resembles the immune response seen in
the actual bacterial infection [40,41]. This could indicate that the acellular MVs can initiate
an immune reaction in tilapia, as previously shown in zebrafish [27]. In comparison to
this, infγ was only significantly upregulated in saline-treated tissue, whereas in zebrafish
injected with Fo MVs, it was significantly upregulated [27]. This could be an indication of
the different effects of MVs on gene expression in its natural host and the model fish. It was
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previously shown that Francisella ssp. have immune-suppressive influences and interfere
with infγ signaling. It is proposed that Francisella ssp. target the infγ signaling pathway by
preventing of downstream activation of transcription factors [42,43]. LC-MS/MS analysis
of the MV content of Fo showed an abundance of important virulence factors, such as IglC
(a protein necessary for intracellular growth and escape from phagolysosomes), chaperon
proteins associated with immunogenic effects and cytoplasmic proteins. This cargo could
be sufficient to influence the host immune response [27]. Another observation was that
mhcII, infγ and il12 are significantly upregulated in the saline-treated group compared
to the control group. In a different study that used an inactivated whole-cell vaccine, an
upregulation of mhcII expression level was observed after vaccination, which was associ-
ated with the successful recognition of the Fo cells [44]. In the case of the injected Fo MVs,
the upregulation of the proinflammatory cytokines but not mhcII, infγ or il12 expression,
which are only upregulated in the saline-treated group, supports the assumption that MVs
are capable of active manipulation of the immune response in a similar fashion to natural
infections. Further supporting this theory, igm gene expression is only upregulated in the
saline-treated group compared to the control group. Upregulation of igm gene expression
and the detection of Fo specific IgM in serum samples was reported in a previous study
and is associated with B-cell activation which is involved in development of a protective
immune response [44]. In zebrafish, igm expression was also significantly upregulated
7 days post vaccination with Fo MVs [27]. The immune response of zebrafish, used as a
model organism, and tilapia, the natural host, might of course differ. In accordance with
the lack of induction of igm mRNA in the spleen, no significant amount of IgM antibody
against Fo was found in the tilapia serum. The expression level of the B-cell marker cd83
is, as igm, only upregulated in the saline-treated group compared to the control group.
When looking at differences in response to the two different doses of Fo MV, only the
significant upregulation of the genes coding for the proinflammatory cytokine il1β was
detected. Generally, there do not seem to be any further detectable differences in gene
expression levels in response to the different dosages of immunization with the MVs. These
data indicate that the injected Fo MVs do not have any toxic effect on tilapia and that the
cargo of the MVs might have the ability to actively influence the immune response in this
fish species.

The general upregulation of genes in the saline-treated group leads to the assumption
that the IP injection itself also triggers an immune response. It is a forced invasion into the
fish body and the penetration through skin and tissue into the intraperitoneal cave could
enable other pathogens to enter. However, the IP injections were performed under aseptic
conditions so that the increased expression levels occur most likely as an immune response
to the stress induced by anaesthesia, handling and injection of saline. Usually, the saline-
treated group serves as the control group, but we included a control group without any
treatment in our experiments. This control group enabled detection of the upregulations
in the saline-treated group, indicating a possible effect on the immune response being
triggered by the IP injection alone.

Previous trials with MVs of Gram-negative bacteria as vaccine candidates showed
promising results—i.e., against edwardsiellosis in olive flounder (Paralichthys olivaceus)
or against infection with Flavobacterium psychrophilum in rainbow trout (Oncorhynchus
mykiss) [31,45]. In this study, tilapia were vaccinated with 40 µg of Fo MVs and the fish
were kept for 24 days, in order to develop specific immunity, before they were challenged
by Fo infection. The survival rate displayed no significant difference between the different
groups and there was no vaccine efficacy detectable. Within vaccinated groups, qPCR
analysis did not reveal any significant up- or downregulation of any of the tested immune
genes. This might be due to the sampling time-point, which was after the trial at 61 dpc,
where possible changes in expression levels were most likely not detectable. For future
trials, several and earlier sampling time-points are eligible, such as, i.e., sample points for
zebrafish, or in tilapia [27,44]. Significant differences in bacterial load were only detected
in the muscle tissues of the different groups. The control and the vaccinated groups had a
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significantly lower bacterial load than the saline-treated group, which may be an indication
for an impaired innate immune system in the vaccinated group, caused by the reaction
in response to the vaccine injection, and that no immunity was formed to the sampling
time-point. Similarly, it was expected that the bacterial burden would be similar in the
control group and the group of fish injected with saline solution. This result aligns with the
observation that the MVs might not induce the development of protective immunity against
Fo infection in tilapia. The MVs seem to interfere and manipulate the host immune system
similar to the pattern of the bacteria itself, by upregulation of certain proinflammatory
cytokines and prevention of downstream transcription factor activation [34,42–44,46–49].
Besides this, an adjuvant was used in combination with the MVs. Thus, it cannot be ruled
out that the adjuvant did not have the expected effect of enhancing an immune response
and development of specific immunity together with the MVs, but rather the opposite.
The group treated only with adjuvant did not display an elevated immune response nor
improved immunity against the infection compared with the MV-treated group, suggesting
no beneficial effect of using an adjuvant.

In contrast to the toxicity trial in tilapia, the results from the toxicity trial in Atlantic
cod with Fnn MVs showed no significant up- or downregulation in any of the tested
genes. It is possible that the sampling point 14 days after injection would not reveal any
specific immune response, neither early nor late, respectively. The sampling could have
been performed earlier or the experiment should have been continued longer. In any case,
several sampling points would be preferable in order to detect comprehensive changes in
the gene expression levels.

Francisellosis in Atlantic cod is characterized as a chronical, nonlethal infection [13]
and during the time-span of the vaccine trial, no disease-related mortalities were detected.
However, observations during sampling of the fish at 30 dpc described typical signs of
francisellosis infection. The described granuloma on liver, spleen and kidney tissues in
addition to occasionally observed enlargement of spleen and kidney, in fish from all groups,
indicate that the MVs used as a vaccine were not able to prevent Fnn from infecting the
vaccinated fish. Additionally, in some of the vaccinated and adjuvant-treated fish, fusions
between liver and muscle tissues in the intraperitoneal cavity were observed. The fusions
are likely a result of the IP injection which was either unfortunately placed or the adjuvant
might have negatively interfered with the tissue and induced the formation of lesions [50].

Samples collected from shedder fish were included in the analysis for this trial and
provided an interesting comparison. When analyzing the immune gene expression of both
spleen and kidney, only il1β was significantly upregulated in the shedder group compared
to the control, except for 30 dpc in the kidney. This gene regulation of il1β expression
levels resembled the known immune response pattern to Fnn infection [40,51]. The fact
that it is not upregulated in any of the other groups is, however, surprising since one
would expect the other fish in the tank to be infected with francisellosis at the sampling
time-points. infγ expression levels are upregulated in the shedder’s spleen; however, from
viewing previously described expression levels of infγ during infection in Atlantic cod,
one would rather expect it to be downregulated [42,43,51]. The expression level of igm
varies in-between sampling time-points and tissue. The upregulation of igm in the adjuvant
group at 30 dpc in the spleen, compared to the vaccinated and control group, displays the
desired effect of the adjuvant—i.e., to enhance an immune defense. At 30 dpc in the kidney,
igm was upregulated in the shedder group compared to the vaccine, adjuvant and saline
groups. This might be due to the long exposure and infection times in the shedders, which
were directly injected with the pathogen. At 61 dpc in the spleen sample, an increased
igm level was detected in the shedders, compared to all other groups. This might be
due to the direct infection dose injected into the shedders. In comparison to this, igm is
significantly upregulated in the control group in the kidney at 61 dpc and seems therefore
downregulated in the adjuvant- and saline-treated groups. More sampling time-points
are important in order to trace changes in gene expression comprehensively. To the two
time-points of the vaccine trial, another sampling before the challenge would be preferable.
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IgM levels in serum samples were only significantly upregulated in the vaccinated group
before the challenge and at 30 dpc in comparison to all samples at 61 dpc. Interpreting
these results as an indication for induced immune response in response to the vaccine
seems bold as there is no significant difference to the other samples. However, the early
increase in specific IgM levels resembles results from a current MV trial in salmon (Salmo
salar) where an early short-term immunization could be observed (data not published).

Taken together, there are few indications that vaccination at a dose of 40 µg of Fnn
or Fo MVs induces protection against francisellosis. The immunized fish were not found
to reveal any significantly improved immune response towards the challenge with these
two infectious agents. The macroscopic observations made during sampling, however,
led to the belief that there would not have been a detectable difference. A higher dose
of MVs could induce an immune response that would lead to protective immunity. The
doses applied in this study were, however, the same as previously used in zebrafish [26].
Other studies using isolated pathogen MVs in fish and mammals showed induction of
immunity with even lower injection doses (5–20 µg of MV concentration) [27,31,38,39].
This indicates that the applied MV doses should be evaluated for the respective pathogen
they are being isolated from. However, viewing the results of the MV injection in tilapia,
the effect of a higher MV dose might only lead to suppression and manipulation of the
immune system rather than inducing the development of immunity. The immune system
of Atlantic cod in itself is quite unique, considering the lack of genes coding for mhcii and
needed components for its expression and transportation [52]. The diversity in the immune
system between Atlantic cod and tilapia might account for differential gene expression in
response to MV injection.

It would be an interesting experimental setup to test many different concentrations
of MVs in both Atlantic cod and tilapia and further evaluate and compare the impact on
the immune response. A different immunization approach could involve mixing of the
MVs with inactivated bacteria, as has been performed for Flavobacterium psychrophilum in
rainbow trout (Oncorhynchus mykiss) [45]. As mentioned before, more sampling time-points
and a longer immunization phase should be considered. Immune studies in carp (Cyprinus
carpio) suggested that formation of optimal immunological memory is reached only after
three to eight months and Ye et al. (2013) suggested that, for the development of successful
vaccines in fish, more studies on development of long-term memory are required [53,54].

5. Conclusions

The interesting finding in this study is that no protective immunity was accumulated
against francisellosis in two species—Atlantic cod and tilapia—when immunized with
MVs isolated from Fnn and Fo, respectively. This lack of induced immunity is in stark
contrast to previously performed MV immunization experiments in olive flounder (Par-
alichthys olivaceus), rainbow trout (Oncorhynchus mykiss) or zebrafish (Danio rerio) [26,31,45].
Taken together, it is thus not possible to conclude that MVs would be reasonable vaccine
candidates against francisellosis in fish.

It would be interesting to explore further the induced and possibly suppressed path-
ways and gene regulations involved in the immune response to MVs in these different
hosts. It would also be especially interesting to understand the detailed differences between
the responses towards the respective pathogens in the respective warm and cold water
hosts, meaning that further in vivo studies should be conducted to unravel the factors that
determine the development of immunological memory in fish.
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Appendix A

Table A1. List of primer used for qPCR and bacterial burden.

Name Sequence 5′−3′ Reference

CD83_Tilapia_fw CCGGTGTCCAGTACCTTGCAGTGA [55]
CD83_Tilapia_rv GCTGGACAATCTGCCAGCACCAG
IgD_Tilapia_fw AACACCACCCTGTCCCTGAAT [56]
IgD_Tilapia_rv GGGTGAAAACCACATTCCAGC

Tnfα_Tilapia_fw TCATGGCTGGTATAACGCGA This study
Tnfα_Tilapia_rv GTACGGCCTTCATCGGTTTC
Il-12_Tilapia_fw GGAAGCACGGCAGCAGAATA [57]
Il-12_Tilapia_rv AACTTGAGGGAGAAGTAGGAATGG

IFN- γ_Tilapia_fw AGCGGCTGACTGAACTCAATTGAAG [57]
IFN-γ_Tilapia_rv GTCACAGTTTTCAGCTGTATAGGG
β-actin_Tilapia_fw CAGGATGCAGAAGGAGATCACA [58]
β-actin_Tilapia_rv CGATCCAGACGGAGTATTTACG

IgM_Tilapia_fw AGGCACAACGGTCACTGTCA [59]
IgM_Tilapia_rv GCAAGGCAGCCAAGAGTGAC

MHCIIb_Tilapia_fw GAGGAACAAGCTCGCCATCG [59]
MHCIIb_Tilapia_rv AGTCGTGCTCTGACCTCGAG
COX2_Tilapia_fw AGCAGCCAGAAGGAAGGCGG [60]
COX2_Tilapia_rv GACTGAGTTGCAGTTCTCTTAGTGTGC
Il-1β_Tilapia_fw TGCTGAGCACAGAATTCCAG [61]
IL-1β_Tilapia_rv GCTGTGGAGAAGAACCAAGC

Ef1α_Cod_fw ATGTGAGCGGTGTGGCAATC [62]
Ef1α_Cod_rv TCATCATCCTGAACCACCCTG
Ubi_Cod_fw GGCCGCAAAGATGCAGAT [63]
Ubi_Cod_rv CTGGGCTCGACCTCAAGAGT

IL1β_Cod_fw GGAGAACACGGACGACCTGA [62]
IL1β_Cod_rv CGCACCATGTCACTGTCCTT
IL6_Cod_fw TGAAGAAGGAGTACCCCGACAAT [48]
IL6_Cod_rv GGTGCCTCATCTTTTCCTCAATG
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Table A1. Cont.

Name Sequence 5′−3′ Reference

IL8_Cod_fw GGTTTGTTCAATGATGGGCTGTT [62]
IL8_Cod_rv GACCTTGCCTCCTCATGGTAATACT

IL10_Cod_fw CCTATAAAGCCATCGGCGAGTTA [62]
IL10_Cod_rv TGAAGTCGTCGTTTTGAACCAAG

INF-γ_Cod_fw TGGTCTGCATGTCAGTTTGTCTG [62]
INF-γ_Cod_rv TTCTGTGGATGTTGTTGGCTAAGA

IGM-LC_Cod_fw CACTACAGCTGGAGCAGCAC [64]
IGM-LC_Cod_rv CCATGCTGGAGCCTCTCTAC
IGM-HC_Cod_fw GGTGAGGTGTTATCCGTGCT [64]
IGM-HC_Cod_rv GCAGATAAACGGATGGAGGA

Fo fw CATGGGAAACAAATTCAAAAGGA [37]
Fo rv GGAGAGATTTCTTTTTTAGAGGAGCT
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 Figure A1. Immune genes with no significant differences in gene expression levels between the different treated groups
during the vaccine trial in tilapia. Gene expression levels of the investigated genes were analyzed by qPCR and are
displayed as log2 of relative gene expression. The gene expression levels were tested for significant differences in between
the treatments; (p < 0.05; one-way ANOVA with multiple comparison using Tukey test; error bars indicate mean ± SEM).



Vaccines 2021, 9, 34 16 of 19

Vaccines 2021, 9, x  17 of 20 
 

 

Figure A1. Immune genes with no significant differences in gene expression levels between the different treated groups 
during the vaccine trial in tilapia. Gene expression levels of the investigated genes were analyzed by qPCR and are dis-
played as log2 of relative gene expression. The gene expression levels were tested for significant differences in between 
the treatments; (p < 0.05; one-way ANOVA with multiple comparison using Tukey test; error bars indicate mean ± SEM). 

 

Figure A2. Immune genes with no significant differences in gene expression levels between the different treated groups 
during the toxicity trial in Atlantic cod. Gene expression level of different investigated genes were analyzed by qPCR and 
are displayed as relative gene expression. The gene expression levels were tested for significant differences in between the 
treatments (p < 0.05; one-way ANOVA with multiple comparison using Tukey test; error bars indicate mean ± SEM). 

References 
1. McCoy, G.W.; Chapin, C.W. Further Observations on a Plague-Like Disease of Rodents with a Preliminary Note on the 

Causative Agent, Bacterium Tularense. J. Infect. Dis. 1912, 10, 61–72. Available online: http://www.jstor.org/stable/30071893 
(accessed on 7 June 2020). 

2. Olsen, A.B.; Mikalsen, J.; Rode, M.; Alfjorden, A.; Hoel, E.; Straum-Lie, K.; Haldorsen, R.; Colquhoun, D.J. A systemic 
granulomatous inflammatory disease in wild Atlantic cod, Gadus morhua associated with a bacterium of the genus Francisella. 
J. Fish Dis. 2006, 29, 307–311. 

3. Nylund, A.; Ottem, K.F.; Watanabe, K.; Karlsbakk, E.; Krossøy, B. Francisella sp. (Family Francisellaceae) causing mortality in 
Norwegian cod (Gadus morhua) farming. Arch. Microbiol. 2006, 185, 383–392, doi:10.1007/s00203-006-0109-5. 

Figure A2. Immune genes with no significant differences in gene expression levels between the different treated groups
during the toxicity trial in Atlantic cod. Gene expression level of different investigated genes were analyzed by qPCR and
are displayed as relative gene expression. The gene expression levels were tested for significant differences in between the
treatments (p < 0.05; one-way ANOVA with multiple comparison using Tukey test; error bars indicate mean ± SEM).

References
1. McCoy, G.W.; Chapin, C.W. Further Observations on a Plague-Like Disease of Rodents with a Preliminary Note on the Causative

Agent, Bacterium Tularense. J. Infect. Dis. 1912, 10, 61–72. Available online: http://www.jstor.org/stable/30071893 (accessed on
7 June 2020). [CrossRef]

2. Olsen, A.B.; Mikalsen, J.; Rode, M.; Alfjorden, A.; Hoel, E.; Straum-Lie, K.; Haldorsen, R.; Colquhoun, D.J. A systemic granuloma-
tous inflammatory disease in wild Atlantic cod, Gadus morhua associated with a bacterium of the genus Francisella. J. Fish Dis.
2006, 29, 307–311. [CrossRef] [PubMed]

3. Nylund, A.; Ottem, K.F.; Watanabe, K.; Karlsbakk, E.; Krossøy, B. Francisella sp. (Family Francisellaceae) causing mortality in
Norwegian cod (Gadus morhua) farming. Arch. Microbiol. 2006, 185, 383–392. [CrossRef]

4. Mikalsen, J.; Colquhoun, D.J. Francisella asiatica sp. nov. isolated from farmed tilapia (Oreochromis sp.) and elevation of Francisella
philomiragia subsp. noatunensis to species rank as Francisella noatunensis comb. nov., sp. nov. Int. J. Syst. Evol. Microbiol. 2009.
[CrossRef] [PubMed]

http://www.jstor.org/stable/30071893
http://doi.org/10.1093/infdis/10.1.61
http://doi.org/10.1111/j.1365-2761.2006.00714.x
http://www.ncbi.nlm.nih.gov/pubmed/16677321
http://doi.org/10.1007/s00203-006-0109-5
http://doi.org/10.1099/ijs.0.002139-0
http://www.ncbi.nlm.nih.gov/pubmed/19783606


Vaccines 2021, 9, 34 17 of 19

5. Svensson, K.; Larsson, P.; Johansson, D.; Byström, M.; Forsman, M.; Johansson, A. Evolution of Subspecies of Francisella tularensis.
J. Bacteriol. 2005, 187, 3903–3908. Available online: http://jb.asm.org/content/187/11/3903.abstract (accessed on 18 August
2020). [CrossRef]

6. Mauel, M.J.; Miller, D.L.; Frazier, K.; Liggett, A.D.; Styer, L.; Montgomery-Brock, D.; Brock, J. Characterization of
a piscirickettsiosis-like disease in Hawaiian tilapia. Dis. Aquat. Organ. 2003, 53, 249–255. Available online: https:
//www.int-res.com/abstracts/dao/v53/n3/p249-255/ (accessed on 18 August 2020). [CrossRef]

7. Jeffery, K.; Stone, D.; Feist, S.; Verner-Jeffreys, D. An outbreak of disease caused by Francisella sp. in Nile tilapia Oreochromis
niloticus at a recirculation fish farm in the UK. Dis. Aquat. Org. 2010, 91, 161–165. [CrossRef]

8. Birkbeck, T.H.; Feist, S.W.; Verner-Jeffreys, D.W. Francisella infections in fish and shellfish. J. Fish Dis. 2011, 34, 173–187. [CrossRef]
9. Furevik, A.; Pettersen, E.F.; Colquhoun, D.; Wergeland, H.I. The intracellular lifestyle of Francisella noatunensis in Atlantic cod

(Gadus morhua L.) leucocytes. Fish Shellfish Immunol. 2011, 30, 488–494. Available online: http://www.sciencedirect.com/science/
article/pii/S105046481000361X (accessed on 19 March 2020). [CrossRef]

10. Soto, E.; Kidd, S.; Gaunt, P.S.; Endris, R. Efficacy of florfenicol for control of mortality associated with Francisella noatunensis subsp.
orientalis in Nile tilapia, Oreochromis niloticus (L.). J. Fish Dis. 2013, 36, 411–418. [CrossRef]

11. Leal, C.A.G.; Tavares, G.C.; Figueiredo, H.C.P. Outbreaks and genetic diversity of Francisella noatunensis subsp orientalis isolated
from farm-raised Nile tilapia (Oreochromis niloticus) in Brazil. Genet. Mol. Res. 2014, 13, 5704–5712. [CrossRef] [PubMed]

12. Soto, E.; Primus, A.E.; Pouder, D.B.; George, R.H.; Gerlach, T.J.; Cassle, S.E.; Johnson, T.; Boyd, S.; Handsel, T.; Yanong, R.P.E.
Identification of Francisella noatunensis in novel host species french grunt (Haemulon flavolineatum) and caesar grunt (Haemulon
carbonarium). J. Zoo Wildl. Med. 2014, 45, 727–731. [CrossRef] [PubMed]

13. Colquhoun, D.J.; Duodu, S. Francisella infections in farmed and wild aquatic organisms. Vet. Res. 2011, 42, 1–15. [CrossRef]
[PubMed]

14. Chen, S.; Tung, M.-C.; Tsai, J.-F.; Wang, P.-C.; Chen, R.-S.; Lin, S.-C.; Adams, A.; Chen, S.-P. Systematic granulomas caused by a
rickettsia-like organism in Nile tilapia, Oreochronuis niloticus (L.), from southern Taiwan. J. Fish Dis. 1994, 17, 591–599. [CrossRef]

15. Chern, R.; Chao, C. Outbreaks of a Disease Caused by Rickettsia-like Organism in Cultured Tilapias in Taiwan. Fish Pathol. 1994,
29, 61–71. [CrossRef]

16. Mauel, M.J.; Miller, D.L.; Styer, E.; Pouder, D.B.; Yanong, R.P.E.; Goodwin, A.E.; Schwedler, T.E. Occurrence of Piscirickettsiosis-
Like Syndrome in Tilapia in the Continental United States. J. Vet. Diagn. Investig. 2005, 17, 601–605. [CrossRef]

17. Mauel, M.J.; Soto, E.; Moralis, J.A.; Hawke, J. A Piscirickettsiosis-like Syndrome in Cultured Nile Tilapia in Latin America with
Francisella spp. as the Pathogenic Agent. J. Aquat. Anim. Health 2007, 19, 27–34. [CrossRef]

18. Cowley, S.C.; Elkins, K.L. Immunity to Francisella. Front. Microbiol. 2011, 2, 26. [CrossRef]
19. Muller, M.; Ilardi, P.; Avendaño-Herrera, R. Francisella sp. and Infectious Pancreatic Necrosis Virus (IPNV) pathogens of Atlantic

salmon (Salmo salar) farmed in Chile. Arch. Med. Vet. 2011, 43, 73–78. [CrossRef]
20. Schrøder, M.B.; Ellingsen, T.; Mikkelsen, H.; Norderhus, E.A.; Lund, V. Comparison of antibody responses in Atlantic cod (Gadus

morhua L.) to Vibrio anguillarum, Aeromonas salmonicida and Francisella sp. Fish Shellfish Immunol. 2009, 27, 112–119. Available
online: http://www.sciencedirect.com/science/article/pii/S1050464808002854 (accessed on 19 August 2020). [CrossRef]

21. Soto, E.; Wiles, J.; Elzer, P.; Macaluso, K.; Hawke, J.P. Attenuated Francisella asiatica iglC mutant induces protective immunity to
francisellosis in tilapia. Vaccine 2011, 29, 593–598. Available online: http://www.sciencedirect.com/science/article/pii/S0264410
X10008510 (accessed on 8 February 2020). [CrossRef] [PubMed]

22. Lampe, E.O.; Tandberg, J.; Rishovd, A.-L.; Winther-Larsen, H.C. Francisella noatunensis ssp. noatunensis iglC deletion mutant
protects adult zebrafish challenged with acute mortality dose of wild-type strain. Dis. Aquat. Org. 2017, 123, 123–140. [CrossRef]
[PubMed]

23. Munang’Andu, H.M.; Paul, J.; Evensen, Ø. An Overview of Vaccination Strategies and Antigen Delivery Systems for Streptococcus
agalactiae Vaccines in Nile Tilapia (Oreochromis niloticus). Vaccines 2016, 4, 48. [CrossRef] [PubMed]

24. Lampe, E.O.; Zingmark, C.; Tandberg, J.I.; Thrane, I.M.P.; Brudal, E.; Sjöstedt, A.; Winther-Larsen, H.C. Francisella noatunensis
subspecies noatunensis clpB deletion mutant impairs development of francisellosis in a zebrafish model. Vaccine 2017, 35,
7264–7272. Available online: http://www.sciencedirect.com/science/article/pii/S0264410X17315517 (accessed on 20 December
2019). [CrossRef] [PubMed]

25. Bladen, H.A.; Waters, J.F. Electron microscopic study of some strains of Bacteroids. J. Bacteriol. 1963, 86, 1339–1344. Available
online: http://jb.asm.org/content/86/6/1339.abstract (accessed on 30 June 2020). [CrossRef]

26. Brudal, E.; Lampe, E.O.; Reubsaet, L.; Roos, N.; Hegna, I.K.; Thrane, I.M.; Koppang, E.O.; Winther-Larsen, H.C. Vaccination with
outer membrane vesicles from Francisella noatunensis reduces development of francisellosis in a zebrafish model. Fish Shellfish
Immunol. 2015, 42, 50–57. [CrossRef]

27. Lagos, L.; Tandberg, J.I.; Repnik, U.; Boysen, P.; Ropstad, E.; Varkey, D.R.; Paulsen, I.T.; Winther-Larsen, H.C. Characterization
and Vaccine Potential of Membrane Vesicles Produced by Francisella noatunensis subsp. orientalis in an Adult Zebrafish Model.
Clin. Vaccine Immunol. 2017, 24, 1–19. [CrossRef]

28. Pérez-Cruz, C.; Carrión, O.; Delgado, L.; Martinez, G.; López-Iglesias, C.; Mercade, E. New Type of Outer Membrane Vesicle
Produced by the Gram-Negative Bacterium Shewanella vesiculosa M7T: Implications for DNA Content. Appl. Environ. Microbiol.
2013, 79, 1874–1881. [CrossRef]

http://jb.asm.org/content/187/11/3903.abstract
http://doi.org/10.1128/JB.187.11.3903-3908.2005
https://www.int-res.com/abstracts/dao/v53/n3/p249-255/
https://www.int-res.com/abstracts/dao/v53/n3/p249-255/
http://doi.org/10.3354/dao053249
http://doi.org/10.3354/dao02260
http://doi.org/10.1111/j.1365-2761.2010.01226.x
http://www.sciencedirect.com/science/article/pii/S105046481000361X
http://www.sciencedirect.com/science/article/pii/S105046481000361X
http://doi.org/10.1016/j.fsi.2010.11.019
http://doi.org/10.1111/j.1365-2761.2012.01425.x
http://doi.org/10.4238/2014.July.25.26
http://www.ncbi.nlm.nih.gov/pubmed/25117328
http://doi.org/10.1638/2014-0059R.1
http://www.ncbi.nlm.nih.gov/pubmed/25314854
http://doi.org/10.1186/1297-9716-42-47
http://www.ncbi.nlm.nih.gov/pubmed/21385413
http://doi.org/10.1111/j.1365-2761.1994.tb00257.x
http://doi.org/10.3147/jsfp.29.61
http://doi.org/10.1177/104063870501700616
http://doi.org/10.1577/H06-025.1
http://doi.org/10.3389/fmicb.2011.00026
http://doi.org/10.4067/S0301-732X2011000100010
http://www.sciencedirect.com/science/article/pii/S1050464808002854
http://doi.org/10.1016/j.fsi.2008.11.016
http://www.sciencedirect.com/science/article/pii/S0264410X10008510
http://www.sciencedirect.com/science/article/pii/S0264410X10008510
http://doi.org/10.1016/j.vaccine.2010.06.040
http://www.ncbi.nlm.nih.gov/pubmed/20600508
http://doi.org/10.3354/dao03087
http://www.ncbi.nlm.nih.gov/pubmed/28262634
http://doi.org/10.3390/vaccines4040048
http://www.ncbi.nlm.nih.gov/pubmed/27983591
http://www.sciencedirect.com/science/article/pii/S0264410X17315517
http://doi.org/10.1016/j.vaccine.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29153776
http://jb.asm.org/content/86/6/1339.abstract
http://doi.org/10.1128/JB.86.6.1339-1344.1963
http://doi.org/10.1016/j.fsi.2014.10.025
http://doi.org/10.1128/CVI.00557-16
http://doi.org/10.1128/AEM.03657-12


Vaccines 2021, 9, 34 18 of 19

29. Holst, J.; Feiring, B.; Næss, L.M.; Norheim, G.; Kristiansen, P.; Høiby, E.A.; Bryn, K.; Oster, P.; Costantino, P.; Taha, M.-K.; et al.
The concept of “tailor-made”, protein-based, outer membrane vesicle vaccines against meningococcal disease. Vaccine 2005, 23,
2202–2205. Available online: http://www.sciencedirect.com/science/article/pii/S0264410X05000630 (accessed on 12 April 2020).
[CrossRef]

30. Van De Waterbeemd, B.; Streefland, M.; Van Der Ley, P.; Zomer, B.; Van Dijken, H.; Martens, D.; Wijffels, R.; Van Der Pol, L.
Improved OMV vaccine against Neisseria meningitidis using genetically engineered strains and a detergent-free purification
process. Vaccine 2010, 28, 4810–4816. Available online: http://www.sciencedirect.com/science/article/pii/S0264410X10006183
(accessed on 12 April 2020). [CrossRef]

31. Bin Park, S.; Bin Jang, H.; Nho, S.W.; Cha, I.S.; Hikima, J.-I.; Ohtani, M.; Aoki, T.; Jung, T.S. Outer Membrane Vesicles as a
Candidate Vaccine against Edwardsiellosis. PLoS ONE 2011, 6, e17629. [CrossRef]

32. Soto, E.; Hawke, J.P.; Fernandez, D.; Morales, J.A. Francisella sp., an emerging pathogen of tilapia, Oreochromis niloticus (L.), in
Costa Rica. J. Fish Dis. 2009, 32, 713–722. [CrossRef] [PubMed]

33. Brudal, E.; Winther-Larsen, H.C.; Colquhoun, D.J.; Duodu, S. Evaluation of reference genes for reverse transcription quantitative
PCR analyses of fish-pathogenic Francisella strains exposed to different growth conditions. BMC Res. Notes 2013, 6, 76. [CrossRef]
[PubMed]

34. Brudal, E.; Ulanova, L.S.; Lampe, E.O.; Rishovd, A.-L.; Griffiths, G.; Winther-Larsen, H.C. Establishment of Three Francisella
Infections in Zebrafish Embryos at Different Temperatures. Infect. Immunol. 2014, 82, 2180–2194. Available online: https:
//iai.asm.org/content/82/6/2180 (accessed on 20 December 2019). [CrossRef]

35. Prentice, E.F.; Flagg, T.A.; Mccutcheon, C.S.; Brastow, D.F.; Cross, D.C. Equipment, Methods, and an Automated Data-Entry
Station for PIT Tagging. Am. Fish Soc. Symp. 1990, 7, 335–340.

36. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3. [CrossRef]

37. Duodu, S.; Larsson, P.; Sjödin, A.; Soto, E.; Forsman, M.; Colquhoun, D.J. Real-time PCR assays targeting unique DNA sequences
of fish-pathogenic Francisella noatunensis subspecies noatunensis and orientalis. Dis. Aquat. Org. 2012, 101, 225–234. [CrossRef]

38. González, S.; Caballero, E.; Soria, Y.; Cobas, K.; Granadillo, M.; Pajón, R. Immunization with Neisseria meningitidis outer membrane
vesicles prevents bacteremia in neonatal mice. Vaccine 2006, 24, 1633–1643. Available online: http://www.sciencedirect.com/
science/article/pii/S0264410X05010170 (accessed on 20 December 2019). [CrossRef]

39. Roberts, R.; Moreno, G.; Bottero, D.; Gaillard, M.E.; Fingermann, M.; Graieb, A.; Rumbo, M.; Hozbor, D. Outer membrane vesicles
as acellular vaccine against pertussis. Vaccine 2008, 26, 4639–4646. Available online: http://www.sciencedirect.com/science/
article/pii/S0264410X08008694 (accessed on 21 December 2019). [CrossRef]

40. Gogos, C.A.; Drosou, E.; Bassaris, H.P.; Skoutelis, A. Pro- versus Anti-inflammatory Cytokine Profile in Patients with Severe
Sepsis: A Marker for Prognosis and Future Therapeutic Options. J. Infect. Dis. 2000, 181, 176–180. [CrossRef]

41. Jantrakajorn, S.; Wongtavatchai, J. FrancisellaInfection in Cultured Tilapia in Thailand and the Inflammatory Cytokine Response.
J. Aquat. Anim. Health 2016, 28, 97–106. [CrossRef] [PubMed]

42. Jones, C.L.; Napier, B.A.; Sampson, T.R.; Llewellyn, A.C.; Schroeder, M.R.; Weiss, D.S. Subversion of Host Recognition and
Defense Systems by Francisella spp. Microbiol. Mol. Biol. Rev. 2012, 76, 383–404. [CrossRef] [PubMed]

43. Steiner, D.J.; Furuya, Y.; Metzger, D.W. Host-pathogen interactions and immune evasion strategies in Francisella tularensis
pathogenicity. Infect. Drug Resist. 2014, 7, 239–251. [CrossRef] [PubMed]

44. Shahin, K.; Shinn, A.P.; Metselaar, M.; Paredes, J.G.R.; 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]

45. Aoki, M.; Kondo, M.; Nakatsuka, Y.; Kawai, K.; Oshima, S.-I. Stationary phase culture supernatant containing membrane
vesicles induced immunity to rainbow trout Oncorhynchus mykiss fry syndrome. Vaccine 2007, 25, 561–569. Available online:
http://www.sciencedirect.com/science/article/pii/S0264410X06009091 (accessed on 8 February 2020). [CrossRef]

46. Vojtech, L.N.; Sanders, G.E.; Conway, C.; Ostland, V.; Hansen, J.D. Host Immune Response and Acute Disease in a Zebrafish
Model of Francisella Pathogenesis. Infect. Immun. 2008, 77, 914–925. [CrossRef]

47. Asare, R.; Abu Kwaik, Y. Exploitation of host cell biology and evasion of immunity by Francisella tularensis. Front. Microbiol. 2011,
1, 145. [CrossRef]

48. Bakkemo, K.R.; Mikkelsen, H.; Bordevik, M.; Torgersen, J.; Winther-Larsen, H.C.; Vanberg, C.; Olsen, R.; Johansen, L.-H.; Seppola,
M. Intracellular localisation and innate immune responses following Francisella noatunensis infection of Atlantic cod (Gadus
morhua) macrophages. Fish Shellfish Immunol. 2011, 31, 993–1004. Available online: https://www.sciencedirect.com/science/
article/pii/S1050464811003251 (accessed on 30 June 2020). [CrossRef]

49. Ellingsen, T.; Inami, M.; Gjessing, M.C.; Van Nieuwenhove, K.; Larsen, R.; Seppola, M.; Lund, V.; Schrøder, M.B. Francisella
noatunensis in Atlantic cod (Gadus morhua L.); waterborne transmission and immune responses. Fish Shellfish Immunol. 2011, 31,
326–333. Available online: http://www.sciencedirect.com/science/article/pii/S1050464811002051 (accessed on 18 January 2020).
[CrossRef]

50. Gjessing, M.C.; Falk, K.; Weli, S.C.; Koppang, E.O.; Kvellestad, A. A sequential study of incomplete Freund’s adjuvant-induced
peritonitis in Atlantic cod. Fish Shellfish Immunol. 2012, 32, 141–150. Available online: http://www.sciencedirect.com/science/
article/pii/S1050464811004062 (accessed on 25 October 2020). [CrossRef]

http://www.sciencedirect.com/science/article/pii/S0264410X05000630
http://doi.org/10.1016/j.vaccine.2005.01.058
http://www.sciencedirect.com/science/article/pii/S0264410X10006183
http://doi.org/10.1016/j.vaccine.2010.04.082
http://doi.org/10.1371/journal.pone.0017629
http://doi.org/10.1111/j.1365-2761.2009.01070.x
http://www.ncbi.nlm.nih.gov/pubmed/19515205
http://doi.org/10.1186/1756-0500-6-76
http://www.ncbi.nlm.nih.gov/pubmed/23452832
https://iai.asm.org/content/82/6/2180
https://iai.asm.org/content/82/6/2180
http://doi.org/10.1128/IAI.00077-14
http://doi.org/10.1186/gb-2002-3-7-research0034
http://doi.org/10.3354/dao02514
http://www.sciencedirect.com/science/article/pii/S0264410X05010170
http://www.sciencedirect.com/science/article/pii/S0264410X05010170
http://doi.org/10.1016/j.vaccine.2005.09.050
http://www.sciencedirect.com/science/article/pii/S0264410X08008694
http://www.sciencedirect.com/science/article/pii/S0264410X08008694
http://doi.org/10.1016/j.vaccine.2008.07.004
http://doi.org/10.1086/315214
http://doi.org/10.1080/08997659.2015.1135198
http://www.ncbi.nlm.nih.gov/pubmed/27196982
http://doi.org/10.1128/MMBR.05027-11
http://www.ncbi.nlm.nih.gov/pubmed/22688817
http://doi.org/10.2147/IDR.S53700
http://www.ncbi.nlm.nih.gov/pubmed/25258544
http://doi.org/10.1016/j.fsi.2019.03.071
http://www.ncbi.nlm.nih.gov/pubmed/30951851
http://www.sciencedirect.com/science/article/pii/S0264410X06009091
http://doi.org/10.1016/j.vaccine.2006.07.047
http://doi.org/10.1128/IAI.01201-08
http://doi.org/10.3389/fmicb.2010.00145
https://www.sciencedirect.com/science/article/pii/S1050464811003251
https://www.sciencedirect.com/science/article/pii/S1050464811003251
http://doi.org/10.1016/j.fsi.2011.08.020
http://www.sciencedirect.com/science/article/pii/S1050464811002051
http://doi.org/10.1016/j.fsi.2011.05.021
http://www.sciencedirect.com/science/article/pii/S1050464811004062
http://www.sciencedirect.com/science/article/pii/S1050464811004062
http://doi.org/10.1016/j.fsi.2011.11.003


Vaccines 2021, 9, 34 19 of 19

51. Solbakken, M.H.; Jentoft, S.; Reitan, T.; Mikkelsen, H.; Gregers, T.F.; Bakke, O.; Jakobsen, K.S.; Seppola, M. Disentangling the
immune response and host-pathogen interactions in Francisella noatunensis infected Atlantic cod. Comp. Biochem. Physiol. Part D
Genom. Proteom. 2019, 30, 333–346. [CrossRef] [PubMed]

52. Star, B.; Nederbragt, A.J.; Jentoft, S.; Grimholt, U.; Malmstrøm, M.; Gregers, T.F.; Rounge, T.B.; Paulsen, J.; Solbakken, M.H.;
Sharma, A.; et al. The genome sequence of Atlantic cod reveals a unique immune system. Nat. Cell Biol. 2011, 477, 207–210.
[CrossRef] [PubMed]

53. Lamers, C.H.J.; De Hass, M.J.H.; van Muiswinkel, W.B. Humoral response and memory formation in carp after injection of
Aeromonashydrophila bacterin. Dev. Comp. Immunol. 1985, 9, 65–75. [CrossRef]

54. Ye, J.; Kaattari, I.M.; Ma, C.; Kaattari, S. The teleost humoral immune response. Fish Shellfish Immunol. 2013, 35, 1719–1728.
[CrossRef] [PubMed]

55. Wen, C.-M. Development and characterization of a cell line from tilapia head kidney with melanomacrophage characteristics. Fish
Shellfish Immunol. 2016, 49, 442–449. Available online: https://www.sciencedirect.com/science/article/pii/S1050464816300134
(accessed on 17 June 2020). [CrossRef]

56. Bei, W.; Wang, P.; Wu, Z.-H.; Lu, Y.; Wang, Z.-L.; Jian, J. Molecular Cloning and Expression Analysis of IgD in Nile Tilapia
(Oreochromis niloticus) in Response to Streptococcus agalactiae Stimulus. Int. J. Mol. Sci. 2016, 17, 348. Available online:
http://www.mdpi.com/1422-0067/17/3/348 (accessed on 30 June 2020). [CrossRef]

57. Hamdan, A.M.; El-Sayed, A.; Mahmoud, M.M. Effects of a novel marine probiotic, Lactobacillus plantarum AH 78, on growth
performance and immune response of Nile tilapia (Oreochromis niloticus). J. Appl. Microbiol. 2016, 120, 1061–1073. [CrossRef]
[PubMed]

58. Liu, C.-Z.; He, A.-Y.; Chen, L.; Limbu, S.M.; Wang, Y.-W.; Zhang, M.-L.; Du, Z.-Y. Molecular characterization and immune
response to lipopolysaccharide (LPS) of the suppressor of cytokine signaling (SOCS)-1, 2 and 3 genes in Nile tilapia (Oreochromis
niloticus). Fish Shellfish Immunol. 2016, 50, 160–167. Available online: https://www.sciencedirect.com/science/article/pii/S10504
64816300274 (accessed on 15 March 2020). [CrossRef]

59. Gallage, S.; Katagiri, T.; Endo, M.; Futami, K.; Endo, M.; Maita, M. Influence of moderate hypoxia on vaccine efficacy against
Vibrio anguillarum in Oreochromis niloticus (Nile tilapia). Fish Shellfish Immunol. 2016, 51, 271–281. Available online: https:
//www.sciencedirect.com/science/article/pii/S1050464816300675 (accessed on 15 March 2020). [CrossRef]

60. Chuang, W.-L.; Pan, B.S. Anti-Stress Effects ofGlycine tomentellaHayata in Tilapia: Inhibiting COX-2 Expression and Enhancing
EPA Synthesis in Erythrocyte Membrane and Fish Growth. J. Agric. Food Chem. 2011, 59, 9532–9541. [CrossRef]

61. Pirarat, N.; Pinpimai, K.; Endo, M.; Katagiri, T.; Ponpornpisit, A.; Chansue, N.; Maita, M. Modulation of intestinal morphology and
immunity in nile tilapia (Oreochromis niloticus) by Lactobacillus rhamnosus GG. Res. Vet. Sci. 2011, 91, e92–e97. Available online:
https://www.sciencedirect.com/science/article/pii/S0034528811001020 (accessed on 15 March 2020). [CrossRef] [PubMed]

62. Seppola, M.; Larsen, A.N.; Steiro, K.; Robertsen, B.; Jensen, I. Characterisation and expression analysis of the interleukin
genes, IL-1β, IL-8 and IL-10, in Atlantic cod (Gadus morhua L.). Mol. Immunol. 2008, 45, 887–897. Available online: http:
//www.sciencedirect.com/science/article/pii/S0161589007006827 (accessed on 17 June 2020). [CrossRef] [PubMed]

63. Olsvik, P.A.; Søfteland, L.; Lie, K.K. Selection of reference genes for qRT-PCR examination of wild populations of Atlantic cod
Gadus morhua. BMC Res. Notes 2008, 1, 47. [CrossRef] [PubMed]

64. Pérez-Casanova, J.C.; Hamoutene, D.; Samuelson, S.; Burt, K.; King, T.L.; Lee, K. The immune response of juvenile Atlantic cod
(Gadus morhua L.) to chronic exposure to produced water. Mar. Environ. Res. 2010, 70, 26–34. [CrossRef]

http://doi.org/10.1016/j.cbd.2019.04.004
http://www.ncbi.nlm.nih.gov/pubmed/31054474
http://doi.org/10.1038/nature10342
http://www.ncbi.nlm.nih.gov/pubmed/21832995
http://doi.org/10.1016/0145-305X(85)90060-6
http://doi.org/10.1016/j.fsi.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24436975
https://www.sciencedirect.com/science/article/pii/S1050464816300134
http://doi.org/10.1016/j.fsi.2016.01.013
http://www.mdpi.com/1422-0067/17/3/348
http://doi.org/10.3390/ijms17030348
http://doi.org/10.1111/jam.13081
http://www.ncbi.nlm.nih.gov/pubmed/26834088
https://www.sciencedirect.com/science/article/pii/S1050464816300274
https://www.sciencedirect.com/science/article/pii/S1050464816300274
http://doi.org/10.1016/j.fsi.2016.01.027
https://www.sciencedirect.com/science/article/pii/S1050464816300675
https://www.sciencedirect.com/science/article/pii/S1050464816300675
http://doi.org/10.1016/j.fsi.2016.02.024
http://doi.org/10.1021/jf2017308
https://www.sciencedirect.com/science/article/pii/S0034528811001020
http://doi.org/10.1016/j.rvsc.2011.02.014
http://www.ncbi.nlm.nih.gov/pubmed/21536310
http://www.sciencedirect.com/science/article/pii/S0161589007006827
http://www.sciencedirect.com/science/article/pii/S0161589007006827
http://doi.org/10.1016/j.molimm.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17875325
http://doi.org/10.1186/1756-0500-1-47
http://www.ncbi.nlm.nih.gov/pubmed/18710500
http://doi.org/10.1016/j.marenvres.2010.02.005

	Introduction 
	Materials and Methods 
	Bacteria, Media and Growth Conditions 
	Isolation of Membrane Vesicles 
	Toxicity, Immunization and Challenge Trial in Tilapia 
	Toxicity, Immunization and Challenge in Atlantic Cod 
	Bacteriology 
	RNA Isolation and Quantitative Real-Time PCR 
	Serum Collection and ELISA 
	Quantification of Bacterial Burden in Tilapia 
	Statistical Analysis 

	Results 
	Fo MV Toxicity and Immunization Trial in Tilapia 
	High Concentration of Fo MVs Are Not Toxic and Elicit a Limited Immune Response in Tilapia 
	MV Immunization Did Not Protect Tilapia From Fo Infection 

	Fnn MV Toxicity and Immunization Trial in Atlantic Cod 
	Increased IgM level in Fnn Immunized Atlantic Cod before and 30 Days Postchallenge 

	Discussion 
	Conclusions 
	
	References

