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Summary
The Gram-negative intracellular bacterium Piscirickettsia salmonis is the etiologic agent of
salmonid rickettsial septicemia (SRS), a chronic and often fatal disease in salmonid and a
variety of marine fish species. P. salmonis was initially characterized from Coho salmon
(Oncorhyncus kisutch) in 1989 after a devastating epizootic in the Chilean aquaculture. The
bacterium has since then been recognized as an emerging problem as outbreaks of SRS have
been reported across the world, including in Norway and Canada. The Norwegian and
Canadian strains of P. salmonis have, however, a reduced virulence compared to strains
isolated in Chile. As a result, continuous outbreaks of SRS have led to a recent decline in the
Chilean salmon industry, due to a lack of efficient vaccines. As there are no efficient vaccines
against SRS large amounts of antibiotics has been used in the Chilean aquaculture, leading to
an emergence of antibiotic resistant strains. Thus, development of efficient vaccines against P.
salmonis is important in order to provide a safe and sustainable aquaculture industry.
The results presented in this thesis describe the investigation of P. salmonis derived
membrane vesicles (MVs) as a vaccine candidate against SRS. MVs are small spherical
structures known to contain a variety of bacterial components, including proteins, LPS, DNA
and RNA, which makes the vesicles similar to their mother cell in many aspects. MVs were
isolated

in

large

concentrations

from

broth-cultured

P.

salmonis.

Comparative

characterization of MVs from three different isolates of the bacterium revealed several strain
specific differences, both in vivo and in vitro. When used for immunization in an adult
zebrafish model the vesicles induced a protective response against P. salmonis. Incorporation
of chitosan as an adjuvant, by MV encapsulation, did furthermore enhance the protective
effect of the vesicles in adult zebrafish. Histological analysis indicated a reduced bacterial
load upon challenge in the MV immunized group, and the RNA expression of several immune
related genes altered, including mpeg1.1, tnfα, il1b, il10 and il6. MVs induced the secretion of
IgM upon immunization, suggesting an immunogenic effect of the vesicles. Taken together,
the data indicate e a vaccine potential of MVs against SRS.
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Abbreviations
ASC

antibody secreting cells

CHSE-214

Chinook salmon embryo cells

cMV

Chitosan coated membrane vesicle

DNA

Deoxyribonucleic acid

Dot/Icm

Subgroup of the type IV secretion system

ELISA

Enzyme-linked immunosorbent assay

FAO

Food and agriculture organization

Hsp

Heath shock protein

IFN

Interferon

Ig

Immunoglobulin

In vivo

Within the living

In vitro

Within the glass

IL

Interleukin

LPS

Lipopolysaccharides

MHC

Major Histocompatibility Complex

MV

Membrane Vesicle

OMV

Outer Membrane Vesicle

PBS

Phosphate Buffered Saline

Poly I:C

Polyinosine-polycytidylic acid

RT-qPCR

Reverse transcriptase quantitative polymerase chain reaction

RNA

Ribonucleic acid

RTS11

Macrophage derived cell line from rainbow trout spleen
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SHK-1

Atlantic salmon head kidney cells

SRS

Salmon rickettsial septicemia

TCR

T cell receptors

TLR

Toll-like receptor

TNF

Tumor necrosis factor
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General introduction
1. The global importance of aquaculture
The production of farmed fish is one of the fastest growing industries globally, rapidly
increasing in both value and production rate [1-2]. According to the Food and Agriculture
Organization of the United Nations (FAO) the aquaculture industry supplied the world with
73.8 million tons of fish in 2014, with a total value of 160.2 billion US dollars [3]. This
accounts for nearly 50% of the world seafood consumption, and due to the reliance on fish
production as an important protein source the industry will continue to grow as the human
population expands [3-4]. The continuous expansion of the aquaculture industry has,
furthermore, provided economic benefits at national, regional and household levels through
increased seafood exportation and rural job creation [3, 5-7]. According to the FOA 56.6
million people were engaged in the fisheries and aquaculture sector as a source for income
and livelihood in 2014 [3]. Thus, fish farming facilities may provide increased social and
economic welfare in regional areas, through increased local employment.
The expansion of the aquaculture industry has also lead to the development of a global trade
network for importation and exportation of seafood over the last decades (Figure 1) [8].
Seafood exportation has become an important economical factor in development countries,
like Chile, Peru and Thailand, which has had an increase in exportation income from 20
billion US dollars in 2004 to 42 billion US dollars in 2014 [3, 9]. For one of the biggest
salmon producers, Chile, seafood exportation has over the last decade lead to an economical
bloom, being the fourth largest contributor to the country’s economy [10]. The expansion of
the Chilean aquaculture has led to an important economic revival of Región de Los Lagos
through fish farming, demonstrating the importance of aquaculture on an economical level
[9]. The aquaculture do also play an important role in the sustainability of seafood production,
as the gain from capture fisheries is decreasing due to reaching its maximum potential [11].
The increase in aquaculture production has, however, not been without difficulties, as the
introduction of new farming areas and species have led to the development of novel diseases
[12].
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Figure 1: Schematic overview of the main exportation and importations routs of fish meal
and oil, including the main producers and consumers of the products [8].

2. The impact of fish pathogens on aquaculture
The expansion of the aquaculture industry has led to a global transfer of aquatic animals and
their pathogens, leading to the introduction of new diseases across the world, affecting the
natural populations of wild fish as well as the farmed [13]. The introduction of novel
pathogens through global movement of aquatic animals can lead to a severe loss of marine
populations, reducing the wild and farmed fish supplies [14]. Infectious diseases caused by
extracellular bacterial pathogens are, to a high degree, controlled by the use of vaccination,
while disease caused by intracellular pathogens and parasites still remains an unsolved
problem for the aquaculture industry [15-16]. In fact, infections caused by viral, bacterial, and
eukaryotic pathogens have led to industry-wide losses exceeding 6 billion US dollars per
annum [17]. As a result, disease outbreaks in the aquaculture industry can have a devastating
impact on both the seafood sustainability and the global economy. As there is a lack of
vaccines against intracellular bacterial pathogens in the aquaculture industry, large amounts of
antibiotics have been used as a mean to control infectious diseases [18]. Antibiotics used for
12

the treatment of human diseases has over the last decade been banned for animals intended for
food production, but according to the FAO 5 different types of antibiotics are still authorized
for use in aquaculture (Table 1) [19].
Table 1: Antibiotics authorized for use in aquaculture.
Antibiotic
Oxytetracycline

Treatment of
Furunculosis
salmonicida

in

salmonids

caused

by

Aeromonas

Hemorrhagic septicaemia due to Aeromonas hydrophila, A.
sobria and Pseudomonas.
Cold water disease in salmonids, caused by Cytophaga
psychrophilia.
Columnaris disease in salmonids caused by susceptible
Chondrococcus columnaris.
Enteric redmouth disease, caused by susceptible Yersinia
ruckeri.
Pseudomonas disease in catfish and salmonids.
Ulcer disease caused by susceptible Haemophilus piscium in
salmonids
Florfenicol

Furunculosis caused by susceptible strains of Aeromonas
salmonicida.

Sarafloxacin

Furunculosis, vibriosis and enteric redmouth in Salmonidae.

Erythromycin

Bacterial kidney disease (Renibacterium salmoninarum) and
streptococcosis in yellowtail in Japan.

Sulphonamides potentiated
with trimethoprim or
ormethoprim

Against furunculosis, enteric redmouth disease and vibriosis.

Notes: Table modified from the FAO fisheries technical paper 469: Responsible use of
antibiotics in aquaculture [19].
Broad spectrum antibiotics have been reported effective in controlling bacterial disease
outbreaks in fish farming, however, the usage is linked to an increase in multi-resistant
isolates [14, 18, 20]. Moreover, as 80% of the antibiotics used in aquaculture enter the nearby
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environment in an active form, over-usage poses a potential risk to both human and animal
welfare, and the environment in general [21]. The extensive use of antibiotics in the
aquaculture has, nonetheless, been improved through governmental regulations [22]. Due to
lack of international guidelines developing countries like Chile do, however, continue to use
large amounts of antibiotic in fish farming [22-23]. The antibiotic utilization in the Chilean
aquaculture represented in 2014 70% of the total antibiotic use in the entire country, with a
use of 563.2 tons in the salmon industry alone (Figure 2) [23-24]. In contrast, the entire
Norwegian aquaculture industry had a combined use of 511 kg in 2014 [25]. This
demonstrates how national variations can lead to local effects in terms of the aquaculture
industry. As a result, improved measurements and vaccine developments are needed in order
to prevent disease outbreaks in farmed fish.
Antibiotic used
600
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Tonnes

400
300
200
100
0
2007

2008

2009

2010

2011
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Year
Figure 2: Amounts of antibiotic used in the Chillan salmon industry based on data from the
Chilean National Fisheries and Aquaculture Service (2007-2015) [23].

3. Vaccines for fish in aquaculture
Since the first fish vaccine was licensed in 1976, immunization of aquatic organism has been
an important factor for the continuous development of the aquaculture industry [26].
Providing an important measurement in regard to disease control and production [27].
Traditional vaccines in aquaculture usually consist of a selected antigen in combination with
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an adjuvant [26-27]. Antigens are in general defined as foreign molecules which upon contact
with the immune system can activate a protective response against hazardous agents, such as
bacterial pathogens [28]. The first report of successful fish immunization using antigens was
already in 1938, where injection of killed Aeromonas punctate was used for vaccination of
carp [26, 29]. Four years later, in 1942, the first article documenting the use of chloroformkilled Aeromonas salmonicida for oral immunization against furunculosis in cutthroat
trout (Oncorhynchus clarkii) was published [30]. Fish immersion vaccines using formalininactivated broth cultures was, furthermore, shown to be effective against vibriosis in the
1970s [27, 31]. It was, however, not until the 1980s that fish vaccines were introduced
commercially to the aquaculture, with the first U.S.-licensed vaccine against Yersinia
ruckeri and Vibrio anguillarum [29, 32]. Since then, vaccination against fish pathogens has
been a standardized practice in the industry.
Adjuvants, on the other side, were not incorporated into fish vaccines until the 1990s, and in
1992 the first oil-adjuvant vaccine against furunculosis were made available in Europe [29,
32]. Adjuvants have traditionally been defined as helper substance that enhances the immune
response to a vaccine, with mineral oil being the most common adjuvant used in commercial
fish vaccination [33]. Adjuvants enhance the vaccine’s immunogenicity by creating a depot at
the injection site, generating a slow release of the antigen [33-34]. The use of oil based
adjuvants have, however, been reported to cause side effects like inflammation, granulomas,
pigmentation at the site of injection and connective tissue in internal organs [35]. As a result
alternative adjuvants have been extensively studied, like Toll-like receptors, poly I:C,
oligonucleotides and biodegradable nanoparticles consisting of chitosan, liposomes or
alginate [34, 36]. Encapsulation of antigens by polymers and polysaccharides offers an
interesting alternative to traditional adjuvants, having similar capabilities as mineral oils but
with fewer or no side effects [37]. This can be exemplified by the cationic biopolymer
chitosan, a linear polysaccharide composed of randomly distributed N-acetylated and
deacetylated glucosamines obtained by deacetylation of chitin, a component of the
exoskeleton in crabs, shrimps and fungi (Figure 3) [38]. Chitosan has, among other, been
reported to enhance antigen-specific T helper 1 (Th1) responses in mice and shown to
promote the maturation of bone-marrow-derived dendritic cells through type I interferons [3940]. Due to the biological origin of chitosan it is in general considered biocompatible and
biodegradable with a low reactogenicity, but as with other alternative adjuvants it have yet to
be used commercially due to unknown long-term effects [34, 37-38]. In the case of chitosan,
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the biological origin, degree of deacetylation, ionic strength and distribution of acetyl groups
may, moreover, affect its biological activity and properties as an adjuvant [38, 41]. Thus, the
use of oil based adjuvants in combination with antigens is still today the golden standard for
immunization against pathogens in the aquaculture.

Figure 3: Model chitosan (fully deacetylated). Figure modified from Vasiliev 2015 [38].
Vaccination against intracellular fish pathogens have yet to become successful in the industry
[42]. Although the first viral vaccine was introduced commercially to the aquaculture already
in 1982, there are today few efficient viral vaccines available for use in the aquaculture [27,
43]. As with viruses, vaccines against intracellular bacterial pathogens have been reported to
display a low efficacy in the field [44]. The vaccines available against intracellular pathogens
are generally formulated by inactivated pathogens or their subunits, similar to traditional
vaccines made against extracellular bacteria [43]. The antibodies produced in response to
traditional vaccines are, however, often insufficient in neutralizing the infection, as
intracellular pathogens in contrast to extracellular pathogens, utilizes host cells for survival
[45]. Live attenuated vaccines have been reported to generate a protective effect against
intracellular pathogens, due to their ability to mimic a natural infection upon immunization
[46]. There has, however, been raised several safety issues regarding the use of live attenuated
vaccines as they can revert back to their virulent state [29]. Vaccine development against
parasitic pathogens has furthermore, as with viral and intracellular bacteria, been problematic
due to limitations in cultivation methods [27]. The production of vaccines against intracellular
pathogens and parasites may, additionally, bee too expensive for commercial use as there is a
demand for cost-efficient vaccines in the aquaculture industry [27]. As a result, there are
today several major bacterial, viral and parasitic diseases where no efficient vaccines are
available (Table 2).
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Table 2: Major bacterial, viral and parasitic diseases in fish in relation to vaccine
availability.
Pathogen

Major fish species
affected

Primary regions
or countries

Available
vaccines

Bacterial diseases
Listonella anguillarum

Various fish

Globally

Yes

Vibrio salmonicida

Salmonids

Yes

Aeromonas salmonicida

Salmonids

Northern Europe,
Canada/USA
Globally

Yersinia ruckeri

Salmonids,

Piscirickettsia salmonis
Flavobacterium psychrophilum

Salmonids
Salmonids

Edwardsiella tarda

Channel catfish,
Japanese flounder

Yes/No

Europe, Chile,
Canada/USA
Chile
Europe,
Canada/USA, Chile
USA, Asia

Yes
Yes/No
No

Salmonids
Salmonids

Globally
Canada/USA

Yes/No
Yes/No

Several marine fish
species
Channel catfish
Mostly carp species

Europe, Asia

No

USA
Europe

No
No

Europe, Asia,
America, Australia
Globally
Globally
Europe, North
America, Europe

No

Globally

No

No

Viral diseases
Infectious pancreatic necrosis virus
Infectious hematopoietic necrosis
virus
Viral hemorrhagic septicemia virus
Channel catfish virus disease
Spring viremia of carp virus

Parasitic diseases
Amoebae Paramoeba spp.

Salmonids

Salmonids
Cryptobia salmositica Ichthyobodo
Various fish
Ichthyophthirius multifilis
Salmonids
Myxobolus cerebralis and
Tetracapsula bryosalmonae
Various fish
Gyrodactylus spp.
Dactylogyrus spp.Benedinia spp.
Notes: Table modified from Sommerset et al. 2005 [27].

No
No
No

The vaccine efficacy may, however, be dependent on other factors like the choice of
administration. There are mainly three routes of administration used in aquaculture today:
injection, immersion and oral. As the three routes of administration represent a different
uptake of the vaccine they can elicit diverse localized immune responses [29]. Injectable
vaccines administered by the intraperitoneal route are reported to induce a high efficacy and
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allows the use of multi-valent vaccines and adjuvants [15]. The process is, however, labor
intensive, stressful for the animals and requires the fish to be of a certain size (over 5 g) [29].
In contrast, immersion vaccination allows immunization of smaller fish and mass vaccination,
but a larger antigen quantity is needed and the efficacy is lower compared to injections [47].
The main entry route for vaccines administered by immersion is skin and gills, which might
be beneficial in terms of a localized immune response against pathogens entering by the same
route [48]. Oral administration do, on the other hand, offer a vaccine delivery through the gut
and are by far the most ideal method in terms of improved animal welfare [27]. Oral
vaccination is, nonetheless, difficult as there is no mean of controlling the amount of vaccine
each fish consumes, which leads to a variation in the protective effect [29]. Thus, injection
and immersion are often the selected administration routes for vaccination today. The
development of vaccines and their routes of administration have over the last decades been an
important milestone in providing a continuous production of seafood. Nonetheless, as
intracellular pathogens still represent a risk to the aquaculture industry there is a need for new
and improved vaccine strategies.

4. Vaccination against intracellular fish pathogens
One of the main reasons to why the development of vaccines against intracellular pathogens
has been difficult is the need for an activation of both the humoral and cell-mediated adaptive
immune response. In contrast, an activation of the humoral-mediated adaptive immune
response has been considered efficient against extracellular pathogens [49-50]. Furthermore,
as there still is a lack in knowledge regarding the immune system of fish traditional methods
used in other animals or humans are not always transferable. The immune system of fish is
mainly build up by an innate and adaptive immune response, known as non-specific and
specific mechanisms for resistance against viral, bacterial and parasitic infections [51]. As
fish lives in direct contact with their environment they have a continuous interaction with
surrounding microorganisms, and thus the innate immune system plays a crucial role as the
first line of defense against invading pathogens [52]. The innate immune system of fish can be
divided into three main branches, which includes the physical barriers, cellular and humoral
components, representing different immunological defense mechanisms [52-53]. The physical
barriers are important for preventing entry of pathogens and consist of the scales, gills, skin
mucus and epidermis [54-55].
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The cellular components, on the other hand, consists of a large population of cells that have
the ability to rapidly respond upon entry of pathogens and thereby eliminating the invader
[56]. Several cells of the innate immune system known to recognize, engulf and phagocytose
pathogens have been identified in fish, including neutrophils, macrophages, non-specific
cytotoxic cells, epithelial, and dendritic-like cells [52-53]. In addition to the physical barriers
and the cellular response, the innate immune system also consists of several soluble
substances that non-specifically inhibit the growth and survival of infectious agents, known as
the humoral components [57-58]. The humoral components include several signaling
molecules such as cytokines, interferons and interleukins, in addition to natural antibodies,
antimicrobial peptides and the complement system [53]. The humoral components can be
found in the fish mucus, circulating the blood or produced as a result of entry by hazardous
microorganisms or compounds [52]. Taken together, the innate immune system consists of an
interlaced network of immunological factors allowing fish to resist their surrounding
environment. There are, however, several pathogens that have specialized in overcoming the
fish’s primary immune defense as an important trait of the innate immune system is their nonspecificity. Thus, as with other animals, fish have a secondary and more specific response
known as the adaptive immune system, which is also the foundation for vaccination [51].
The adaptive immune system can, as with the innate, be separated into a humoral and cellmediated response. The main difference between the innate and adaptive immune systems is,
however, their specificity [51]. While the innate immune system can recognize common
pathogen associated molecules it doesn’t discriminate between different groups of pathogens.
The adaptive immune system, on the other hand, is able to remember, recognize and target
specific pathogens which make it a more specialized response to foreign invaders [59]. This
specialization do, nonetheless, require the pathogen or parts of the pathogen to be presented to
the immune system over a certain time, and thus the adaptive immune response has a longer
initiation time than the innate [60]. At which time-point the immune system changes from
innate to adaptive are still not fully understood, but it has over the last decades been shown
that the two systems are tightly connected and not two separate responses as initially
suggested [59, 61-62]. The direction and specificity of the adaptive immune responses is in
many ways directed by the innate, determining the type of adaptive response initiated [60, 6364]. A brief overview of the innate an adaptive immune system of fish is shown in Figure 4.
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Figure 4: A simplified overview of the major components in the adaptive and innate immune
system of fish. Figure made by JI. Tandberg.
An important factor in initiating the adaptive immune response is the presentation of antigens
through the major histocompatibility complex (MHC) to T cells [65]. T cells function as a
part of the cell-mediated adaptive immune response, and mature T cells are often found in the
secondary lymphoid organs of fish, as kidney and spleen, but also in the gills, liver and gut
[66]. Mature T cells are generally separated into CD 8+ (cytotoxic) and CD 4+ (helper) T
cells, which through T cell receptors (TCR) can recognize antigens represented by MHC class
I or II, respectively [67]. MHC class I is expressed by nucleated cells and presents antigens
generated in cytosol with an intracellular origin, while MHC class II are found on professional
antigen presenting cells, like B cells and macrophages, and presents antigens with an
extracellular origin generated in endocytic vesicles [68-69]. Upon antigen recognition through
MHC cytotoxic T cells are able to kill infected cells, which enable the immune system to fight
off intracellular pathogens, while helper T cells produces cytokines involved in directing the
immune response, including the B cells [66, 70].
B cells do, on the other hand, function as a part of the humoral-mediated adaptive immune
response by antibody secretion [71]. Teleost B cells are in general considered equivalent to
mammalian B cells, and are mainly found in the kidney, blood and spleen [72]. Upon
20

infection or vaccination B cells have the ability to differentiate into antibody secreting cells
(ASC), either by interacting directly with an antigen or by co-stimulation from helper T cells
[71]. Secreted antibodies are able to circulate the bloodstream and other tissue fluids where
they recognize and bind to specific antigens, which they can inactivate directly or tag for
elimination by phagocytic cells [66]. The main antibody isotope found in fish blood is IgM,
but both IgD and IgT have been identified in lower concentrations [66]. Activated B cells
with a high antigen affinity may, furthermore, differentiate into memory B cells [73].
Memory B cells is an important hallmark of vaccination, which allows the immune system to
remember a specific antigen, providing a long-term protection. Antibodies do, however, have
a higher efficacy against extracellular pathogens than intracellular pathogens as they mainly
circulate in the blood and other tissue fluids [49]. As intracellular pathogens utilizes multiple
virulence factors for survival inside host cells it is often difficult to pinpoint a single antigen,
like toxins, that is suitable for vaccination [74]. Therefore, it is in general believed that both B
and T cells is needed in order to elicit a protection against intracellular pathogens [75]. Both
cytotoxic and helper T cells can, as with B cells, differentiate into memory cells, which
permits the immune system to respond more rapidly upon a reinfection [76]. As intracellular
pathogens can be found both in the extracellular space and inside cells, a combination of B
and T memory cells will thus allow the immune system to quickly recognize and respond to
the reappearance of antigens presented through different mechanisms [77].
The activity of both B and T cells is, furthermore, facilitated by signaling molecules like
cytokines, which are secreted and regulated by both the innate and adaptive immune system
[78]. This can be exemplified by interleukin 6, an important mediator of B cell activation for
antibody production, as well as T cell differentiation [78-79]. Interleukin 6, in combination
with IL-1β and TNF-α, is furthermore an important mediator of the inflammatory response,
involved in rapid clearance of pathogens by macrophage recruitment [52]. Several
interleukins have been identified in different fish species over the last years, including IL-10,
IL-8 and IL-12 [80]. This indicates that, as in mammals, interleukins plays an important role
in regulating and orchestrating the immune response in fish [81]. Both vaccination and
reinfection studies using Yersinia ruckeri, a facultative intracellular pathogen, have shown
that the secretion of cytokines in combination with CD 8+ T cells plays an important role in
long-term protection in rainbow trout (Oncorhynchus mykiss) [82-83]. The importance of a
CD 8+ T cell mediated protection has also been reported for rainbow trout immunized with
DNA from viral hemorrhagic septicemia virus, where lysis of infected cells displaying MHC I
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was detected [84]. As both the nature of the antigen, route of exposure, dose, and adjuvant can
impact the immune response upon vaccination there is, however, a large leap from
experimental trials to commercial use [76]. The evaluation of new vaccine candidates prior to
commercial use may, however, be improved by the use of intermediate model systems, like
zebrafish, enabling large-scale screening studies at an in vivo level [85].

5. Zebrafish as an in vivo model for vaccine development
Zebrafish (Danio rerio) has in the recent years become a prominent model for studies of
disease development, regulatory physiology, behavioral genetics, endocrine disruption and
infections [86-89]. Due to its small size, short generation time, rapid development and
transparency, zebrafish holds much promise as a versatile vertebrate model for in vivo studies
(Table 3) [90]. Moreover, as the genetic information of aquatic animals are increasing
zebrafish has become an important model for aquaculture fish species, providing a bridge
between the industry and experimental research [91]. Zebrafish as an infection model has
been widely used to study aquatic pathogens relevant for the aquaculture industry, including
Vibrio anguillarum, Francisella spp, nervous necrosis virus and E. tarda [92-95]. As adult
zebrafish display a fully developed innate and adaptive immune system they have also been
used for the evaluation of new vaccine candidates against both viral and bacterial pathogens
[96-98]. The zebrafish immune system compromises several cells of the immune system,
including macrophages, neutrophils, NK cells as well as B and T cells [99]. Early zebrafish
macrophages have also been shown efficient in clearing off large amounts of live Bacillus
subtilis and E. coli injected into embryos [100]. This demonstrates that the immune system of
zebrafish is able to react to foreign invaders, in addition to the requirement of a virulence
factor in order to induce disease development, making it suitable model for studies of
bacterial infections. There are, however, certain weaknesses to the use of a zebrafish model
system, as summarized in Table 3.
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Table 3: Strengths and weaknesses for zebrafish as a model system.
Strengths

Weaknesses

Small size

Limited blood and serum volume

Short generation time

Freshwater species

Well characterized biology/genome

Tropical fish

Transparent

Optimal temperature: 28°C

Multiple transgenic lines

Not the target species

Cost-benefit

Evolutionary distance

Innate and adaptive immune system
Suitable for screening in 96 to 386-well plates
Notes: Table modified from Aleström and Winther-Larsen 2016 [101].
As zebrafish provides the accessibility of in vitro models while still being a complex
biological system, it has been reported as an important intermediate model that offers a bridge
between cell cultures and higher vertebrates [102]. Increasing knowledge about the zebrafish
biology and functional genomics has, furthermore, lead to the development of several
transgenic lines, making zebrafish a versatile model system with multiple applications [85].
By having a short generation time the zebrafish model enables a rapid production of stable
transgenic lines, which are available for researchers across the world through public stock
centers [103]. The use of transgenic zebrafish expressing fluorescently tagged macrophages,
neutrophils and T cells has, among other, led to increased knowledge about host-pathogen
interactions and vaccine design [86, 97, 104]. There are, however, pathogens were little is still
known about their pathogenic mechanism, virulence factors and infections routes, which
makes vaccine design problematic. This can be exemplified by the intracellular fish pathogen
Piscirickettsia salmonis. In Chile alone there are 34 different vaccines available against P.
salmonis, but none of them able to induce a long-term immunological protection, underlining
the complexity of vaccine development against intracellular pathogens [24].
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6. The intracellular pathogen Piscirickettsia salmonis
P. salmonis is a facultative intracellular Gram-negative bacterium and the ethological agent of
Salmon Rickettsial Septicemia (SRS) [105-106]. The first report of the bacterium was
published in 1989, after increasing mortalities were observed for Coho salmon
(Oncorhynchus kisutch) in the Chilean aquaculture between March and April [107]. The
disease was initially called Coho Salmon Syndrome, as it was believed to be restricted to a
specific host. The name was, however, changed to SRS as the bacterium was reported to
affect Atlantic salmon (Salmo salar), Chinook salmon (Oncorhynchus tshawytscha) and
rainbow trout (Oncorhynchus mykiss) [105]. Disease outbreaks caused by P. salmonis has
been reported in Norway, Canada, Scotland, Ireland and Greece over the last decades [108112]. As a result, the bacterium represents an emerging threat to the global aquaculture
industry, with no efficient vaccines available and the ability to cause high mortalities [113].
The frequency and magnitude of P. salmonis outbreaks has, however, been higher in Chile
compared to other countries, with losses exceeding 100 million US dollars a year due to SRS
[114-115].
Upon infection P. salmonis spread systemically, leading to swelling, necrosis and the
formation of lesions in kidney, spleen and liver (Figure 5). The clinical signs associated with
SRS do, however, display a high variation with few being specific for SRS and in acute cases
death may occur without any gross signs of disease [116]. During microscopic examination of
tissue samples from infected fish the bacterium is often found both extracellularly and
intracellularly, and is commonly observed within macrophages [107, 116]. As the bacterium
is found intracellularly and in vitro cultivation in cell-free systems reported to be difficult, P.
salmonis was initially believed to be an obligate intracellular pathogen [106]. Thus, studies of
the P. salmonis pathogenesis and virulence was for over two decades limited to the use of cell
cultures, and it is still today a lack of knowledge in regard to the bacterium’s infection
mechanisms. There have, however, over the last years been several reports of successful
cultivation of P. salmonis in liquid medium and on agar plates, which has generated a new
platform for studies of the bacterium [117-120].
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Figure 5: Clinical signs associated with P. salmonis infection in salmon species. External
signs: (A) Petechial and ecchymotic haemorrhages on the base of fins. (B) Small areas of
raised scales. (C) Multiple and diffuse shallow haemorrhagic skin ulcers in different areas of
the body. (D) Focal skin ulcers and a loss of continuity [116]. (E) Gross pathology of infected
fish displaying the formation of cream-colored lesions on liver, enlarged spleen, pale gills,
and hemorrhaged areas within the peritoneal cavity [121].
The growth of P. salmonis in cell-free media has, among other, allowed for genome
sequencing of multiple strains, revealing the presence of flagellar genes and several secretions
systems like the Dot/Icm system [122]. The Dot/Icm system is a subgroup of the type IV
secretion system, which plays an essential part in the pathogenesis of Legionella
pneumophila and Coxiella burnetii [123]. Both pathogens replicates within macrophages upon
infection, and the Dot/Icm system have been reported important for phagocytosis, inhibition
of phagosome/lysosome fusion and apoptosis [124]. Infection studies of P. salmonis using a
macrophage derived cell line from rainbow trout (RTS11) has shown an upregulation of the
Dot/Icm genes upon infection in combination with an inhibition of the phagosome/lysosome
fusion [125]. Thus, the P. salmonis pathogenesis might be similar to what is reported for L.
pneumophila and C. burnetii. P. salmonis has also been shown to reside in vacuoles inside the
host’s cell, rather than escaping to the cytosol as a mean to avoid the phagosome/lysosome
fusion [126]. The exact mechanisms of action used by P. salmonis for intracellular growth is,
nonetheless, yet to be further investigated.
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Clathrin-mediated endocytosis has been reported as a possible mechanism used by P.
salmonis for entry into macrophages, as well as the modification of hosts cell actin production
for generation of macrovesicles [127]. The clathrin-mediated endocytosis has been shown to
be induced by several pathogens as a way to enter host cells by clathrin-coated vesicles for
intracellular replication and survival [128]. P. salmonis has also been shown to induce early
apoptosis in RTS11, and the process shown to be specific for phagocytic cells, indicating that
it is directly related to the bacterium’s utilization of macrophages [129]. The majority of P.
salmonis infection studies are, however, done in vitro and needs to be confirmed using the
bacterium’s natural host. The use of cell-free media has, nonetheless, lead to increased
knowledge about P. salmonis, which is in particular important for successful vaccine
development against SRS.

7. Vaccination against Piscirickettsia salmonis
Due to the impact of P. salmonis on the Chilean aquaculture, vaccine development against
SRS has been an important topic over the last decade [130]. The first vaccine against SRS was
introduced to the Chilean aquaculture in 1998, but the efficacy low and antibiotics were still
needed in order to control the disease outbreaks [114]. In later years, several vaccines have
been developed against SRS, and in Chile alone there are today 34 vaccines available. Of the
34 vaccines, only one is made up by live attenuated P. salmonis, while 33 are made up by
killed or inactivated strains and subunits, in which 31 are administrated by injection, two
orally and one by the use of immersion (Table 4) [24]. The efficacy of the commercial
vaccines is, however, short-lived and not able to protect fish through a full production cycle
[131]. As a result, extensive amounts of antibiotics are being used in the Chilean aquaculture,
leading to increasing reports of antibiotic resistant strains of P. salmonis [132-133].
Experimental trials using recombinant subunit vaccines against SRS have, nevertheless, been
reported successful in Atlantic and Coho salmon, but in both cases the bacterial challenge
were performed by injection [134-135]. Bacterial challenge performed by injection is not
ideal, as it do not fully replicate the natural route of infection. The use of immersion for P.
salmonis challenge has, however, not been sufficient in generating the development of SRS in
either rainbow trout or Atlantic salmon [136-137]. Therefore, it is difficult to replicate the
natural infection route of P. salmonis, which might explain why commercial vaccines have a
low efficacy in the field.
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Table 4: An overview of the main characteristics described for the 34 vaccines available
against P. salmonis in Chile.
Active principle

Bacterin
Subunit
Live attenuated

n/total

32/34
1/34
1/34
Vaccine composition

Monovalent
Bivalent (P. salmonis, IPN virus)
Bivalent (P. salmonis, ISA virus)
Trivalent (P. salmonis, V. ordalii, IPN virus)
Tetravalent (P. salmonis, A. salmonicida, V. ordalii, IPN virus)
Tetravalent (P. salmonis, V. ordalii, IPN virus, ISA virus)
Pentavalent (P. salmonis, A. salmonicida, V. ordalii, IPN virus, ISA virus)
Pentavalent (P. salmonis, V. ordalii, IPN virus, ISA virus, C. rogercresseyi)

8/34
8/34
1/34
5/34
3/34
3/34
5/34
1/34

Route of injection

Injection
Oral
Immersion

31/34
2/34
1/34
Efficacy (months)

12

1/34
27/34
5/34
1/34

18
24
Not informed

Notes: Data are acquired from Maisey et al. 2017 [24].
The natural route of infection for P. salmonis is, furthermore, still not known. Entry through
skin and gills have been suggested, but experimental use of patch contact has yet to produce
mortalities similar to those observed by injection and in the field [138]. Several experimental
vaccines have, nonetheless, been reported to produce a protection against P. salmonis. These
include antigens for oral immunization, DNA and heat shock protein (Hsp60 and Hsp70)
based vaccines, and a live Arthrobacter davidaneli vaccine [139-142]. In the majority of the
immunization experiments the challenge was performed by injection, and thus there is a large
gap between experimental vaccines and their use in the field. The lack of efficient vaccines
against P. salmonis could, however, be directly connected to unknown factors that might be
resolved by further research, as little is still known about the bacterium’s virulence factors and
pathogenesis. The use of booster-vaccination against P. salmonis has been shown to prolong
the resistance against SRS by inducing the production of anti-P. salmonis IgM [143].
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Consequently, changes in the vaccination protocol against P. salmonis might decrease the
occurrence of SRS in the Chilean aquaculture. Moreover, as P. salmonis is an intracellular
pathogen, vaccines able to mediate both a T and B cell response might be important for
successful control of the pathogen. In a recent review of vaccines against SRS, by Maiesy et
al. 2017, several measurements for vaccine development against SRS were listed, including
further investigation of P. salmonis virulence factors, like bacterial membrane vesicles [24].

8. Bacterial membrane vesicles
Membrane vesicles (MVs) are spherical structures between 50 to 150 nm secreted from the
bacterial surface [144]. MVs were initially believed to be derived from the outer membrane
and their production restricted to Gram-negative bacteria [145]. Thus, the terminology outer
membrane vesicles (OMVs) are commonly used to describe the vesicles. It was, however,
recently shown that MVs can be derived from both the inner and outer membrane and the
terminology was recommended changed to membrane vesicles (MVs) [146]. MVs have,
furthermore, been reported to be produced by Gram-positive bacteria as well as Gramnegative, indicating that the release of MVs might be a common bacterial secretion system
[147]. MVs have been considered as a potential bacterial secretion system as they have been
reported to contain a variety of bacterial derived compounds [144]. The secretion of
macromolecules through MV seems, moreover, to be independent of conventional secretion
systems. Thus, the secretion of MVs has recently been referred to as secretion system type
zero [148].
Biochemical and molecular analysis of MVs has revealed the presence of RNA, DNA,
virulence factors, proteins and other cellular components inside the vesicles (Figure 6) [145].
The MVs biological content has also been reported to vary dependent on environmental
factors such as pH, antibiotics and access to nutrients [149-152]. Consequently, the secretion
of MVs might be a potential way for a bacterium to adapt to alterations in the environment for
survival. Furthermore, as the biological content of MVs changes dependent on the
environment they could have a variety of functions [153-155]. Membrane vesicles released
from Helicobacter pylori have, for example, been reported to repress the activity of human T
cells by modulating the gene expression of monocytes [156], while MVs from Escherichia
coli have been shown to mediate toxin delivery to epithelial cells [157]. MVs from
Pseudomonas aeruginosa has, furthermore, been shown to contain active β-lactamase for
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degradation of antibiotics and described as an important factor in biofilm formation [158159]. Taking together the MVs biological function and content, they represent in many ways a
small copy of the bacterium which they are produced by, but in a non-replicative form. As a
result, MVs secreted by bacterial pathogens have been investigated and used as potential
vaccine candidates [160].

Figure 6: Proposed mechanism for the formation of membrane vesicles from Gram-negative
bacteria and their biological content. Outer membrane vesicles are enclosed by a single
membrane and encapsulate periplasmic proteins, while membrane vesicles consist of a double
layered membrane and incorporate both periplasmic and cytoplasmic components. Figure
made by JI. Tandberg.
Membrane vesicles isolated from Neisseria meningitidis has been successfully used for the
containment of strain specific epidemics of meningococcal disease in Norway, Cuba, Chile
and New Zeeland [161]. MVs from Bordetella pertussis and Vibrio cholerae have also been
shown to provide protection in adult mice against whooping cough and diarrheal disease,
respectively [162-163]. The use of MVs for vaccination is, moreover, not restricted to human
diseases and MVs have been shown to provide protection against Haemophilus parasuis in
piglets and Edwardsiella tarda in olive flounder (Paralichthys olivaceus) [164-165]. Safety
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issues has, however, been raised in regards to the use of MVs for vaccination as MVs from
Gram-negative bacteria are known to contain LPS, but as with the N. meningitides vaccine,
the vesicles can be depleted for LPS [166]. Thus, further manipulations of secreted MVs
might enable a wide use of vesicles for vaccination.
MVs with a modified lipid A structure from Escherichia coli have been investigated as a
potential adjuvant in an influenza vaccine and reported to increase the T cell response [167].
Salmonella typhimurium derived MVs have, on the other side, been reported to induce crossprotection against Salmonella enterica in adult mice [168]. The mechanism of action for MV
based vaccines has, however, yet to be fully investigated. MVs are in general considered
immunogenic due to their encapsulation of several bacterial derived compounds, potentially
interacting with different parts of both the innate and adaptive immune system [155].
Salmonella typhimurium derived MVs have been shown to activate macrophages, priming the
adaptive immune response for a B and T cell mediated protection [169]. MVs from
Francisella spp have, furthermore, been shown to induce a protective response in an adult
zebrafish model [96, 170]. As a result; recently characterized MVs from P. salmonis might
represent an interesting vaccine candidate against SRS, in which an activation of the humoral
and cellular adaptive immune response is needed for long-term protection [171].
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Aims of the thesis
The main aim of the thesis was to investigate the potential of P. salmonis derived membrane
vesicles as a vaccine candidate against salmon rickettsial septicemia. To test this hypothesis
the following questions were investigated:
x

What proteins are packaged in the P. salmonis derived MVs and to what degree are
these proteins strain specific?

x

What effects do the P. salmonis derived MVs have on an adult zebrafish model?

x

Can immunization with P. salmonis derived MVs protect adult zebrafish from a
subsequent SRS infection?

x

Does stabilizing the MVs with a degradable polymer, such as chitosan, increase the
efficiency of the vaccine?

x

Can chitosan, used in combination with MVs, work as a vaccine adjuvant in fish?
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Summary of results and general discussion
The development of efficient vaccines against fish pathogens is important in order to provide
a sustainable aquaculture industry. Especially, there is a need for new fish vaccines against
intracellular pathogens. Bacterial derived membrane vesicles are small spherical structures
mimicking several aspects of their mother cell but in a non-replicative form [155]. MVs have
been used successfully as a vaccine against meningococcal disease in humans, and reported
efficient against a range of pathogens on an experimental level in mice, piglets and fish [160].
Thus, increased knowledge of MVs derived from fish pathogens could provide valuable
information leading to better vaccine candidates against bacterial disease in fish.
The results presented in this thesis describe the characterization of P. salmonis derived
membrane vesicles (MVs) and their ability to induce a protective response against SRS using
zebrafish as an in vivo model system. As described in paper I, MVs isolated from three
different isolates of P. salmonis were investigated and shown to display several strain specific
differences. Identification of the MVs protein content of by mass spectrometry reveled a high
similarity between two low virulent strains, NVI 5692 and NVI 5892, isolated from salmon in
Norway and Canada, respectively, compared to a high virulent strain, LF-89, isolated from
salmon in Chile. MVs from LF-89 did, furthermore, display a higher virulence capability both
in vivo and in vitro compared to MVs from NVI 5692 and NVI 5892. MVs from all three
strains were shown to be internalized by commercial cell cultures and primary leukocytes
from zebrafish. When injected into adult zebrafish, MVs from all three strains were shown to
induce the expression of several immune related genes, indicating immunogenic properties.
As the P. salmonis derived MV were shown in paper I to display immunogenic properties,
vesicles isolated from strain LF-89 were used for immunization in an adult zebrafish model.
As shown in paper II, the isolated MVs were able to induce a protective effect against SRS,
compared to phosphate buffer injected fish. The MVs were, furthermore, shown to induce the
gene expression of both pro- and anti-inflammatory cytokines in addition to the production of
P. salmonis specific IgM. MV immunized fish were shown to have an increased expression of
the macrophage marker mpeg1.1 indicating increased antimicrobial activity. Histological
analysis by immunohistochemistry indicated a lower number of bacteria in the tissue of MV
immunized fish compared to phosphate buffer injected fish.
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In addition to investigating the protective effect of the vesicles, chitosan was simultaneously
evaluated a potential adjuvant, as described in paper III. The protective effect of both chitosan
and chitosan coated MVs (cMV) were tested using adult zebrafish. MVs coated with chitosan
were shown to have an increased size measurement of approximately 24 nm compared to
native MVs. While the zeta-potential of the MVs changed from -21.2 ± 0.6 mV to 31.2 ± 1.8
upon coating, indicating a complete encapsulation of the vesicles. Chitosan coated MVs
(cMVs) provided a significant protection against Piscirickettsia salmonis in adult zebrafish,
while a small but non-significant reduction in mortalities were registered for fish injected with
chitosan compared to phosphate buffer injected fish. Both chitosan and cMVs were shown to
induce an increased immune gene expression of mpeg1.1, tnfa, il1b, il10 and il6, both before
and after challenge in the fish, but to a higher degree in the cMV group.

1. The secretion of membrane vesicles by Piscirickettsia salmonis
The secretion of MVs by P. salmonis, strain LF-89, have previously been described, however,
the complete protein content and potential immunological effect of the vesicles were not
investigated [171]. The P. salmonis derived vesicles were reported to have a virulent effect in
vitro, but as the virulence of P. salmonis has been reported to vary among different strains in
vivo we hypothesized that a similar capability could be identified in their MVs [171-172]. In
order to investigate a potential variation in the MVs virulent effect, we isolated and
characterized MVs from three different strains of P. salmonis (paper I). The three strains used
for characterization of MVs were a high virulent strain, LF-89, isolated from Coho salmon in
Chile [105], and two low virulent strains: NVI 5692 and NVI 5892, isolated from Atlantic
salmon in Norway and Canada, respectively [173]. The strain LF-89 is considered a high
virulent strain as it has been reported to cause severe disease outbreaks in the Chilean salmon
industry, with mortalities up to 90% [105]. Outbreaks of P. salmonis in Norway and Canada
have, in contrast, been reported to display a mortality rate ranging from 2–30% [108-109].
Comparative studies of mortalities using LF-89, a Norwegian and a Canadian isolate of P.
salmonis have, furthermore, shown that the three strains display a difference in their virulence
with LF-89 being the most virulent strain [172]. The virulence of the three P. salmonis
isolates used in paper I has, however, not been compared in salmon but the mortality has been
evaluated using zebrafish (Figure 7, this study), which indicated a similar result compared to
previous studies in salmon [172]. Thus, MVs from all three strains were investigated in order
to evaluate their strain specific differences.
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Figure 7: Cumulative survival of adult zebrafish injected with 20 μL of 1x107 P. salmonis
strain LF-89, NVI 5692, NVI 5892 or 20 μL of PBS (n = 20). Figure made by JI. Tandberg
MVs isolated from broth-cultured P. salmonis were similar in size and shape for all three
strains. The average size of the P. salmonis derived MVs were, however, larger than what has
previously been reported, having an average diameter between 80 to100 nm compared to 4060 nm [171]. The method of isolation and measurement were almost identical in both cases,
but the growth medium differed. The larger MVs were harvested from a rich broth-based
medium and the smaller vesicles from a minimal media [171]. The media composition and
nutrient availability have in general been reported to affect the secretion of MVs [144].
Cultivation of multiple Lysobacter sp. in two different medium, that affect protein secretion,
have been shown to induce the secretion of MVs in different size ranges. In medium 1, which
reduced the secretion of extracellular proteins, the MVs were 20 nm while in medium 2,
which ensured the secretion, the MVs were between 50 to 60 nm [174]. Thus, it is possible
that a difference in media composition could affect the size range of MVs secreted by P.
salmonis and further investigations of MV secretion under different cultivation conditions
should be performed. Nevertheless, based on the existing data it seems like the production of
MVs is a conserved mechanism utilized by P. salmonis for protein secretion.
Analysis of the P. salmonis derived MVs protein content by mass spectrometry revealed the
presence of several different proteins in the vesicles from all three strains. Based on mass
spectrometry and previous reports of the protein content in P. salmonis derived MVs, the 60
kDa chaperonin GroEL was one of the most commonly identified proteins. GroEL has been
35

described as a dominating protein in MVs from several other pathogens, including the fish
pathogen Francisella noatunensis [170, 175-176]. GroEL is also a common bacterial antigen
known to activate both the innate and adaptive immune system, including a T and B cell
response [177]. Thus, high levels of GroEL in P. salmonis derived MVs makes the vesicles
interesting from a vaccine perspective. Several other immunogenic proteins were also found
in the MVs, like the chaperone protein DnaK and Type I secretion outer membrane protein
TolC [178].
The protein content of MVs isolated from the low virulent strains of P. salmonis (NVI 5692
and NVI 5892) was shown to be relative similar, sharing 80% of the identified proteins. In
contrast, MVs from the high virulent strain (LF-89) had only a 60% protein-overlap with the
NVI5692 and NVI 5892 MV proteome. As the MVs from all three strains were harvested and
treated similarly the variance in protein content could be related to the strains differences in
virulence. The same reference sequences was, however, used for protein identification in the
MVs from all three strains, which could potentially eliminate unique proteins from NVI5692
and NVI5892, as only the complete genome of LF-89 is available [179]. Moreover, as the
MVs were isolated by ultracentrifugation and filtration without the use of a gradient, there
could be an incomplete removal of protein aggregates and lipid drafts affecting the protein
analysis [180]. As a result, further optimizations of the isolation method and reference
sequences should be performed to completely characterize of the MVs biological content.
Nonetheless, as the main aim of the thesis was to investigate MVs as a potential vaccine
candidate a simplified method was chosen in order to facilitate isolation on a larger scale.
Analysis of the MVs biological function revealed a stronger effect of the LF-89 derived MVs
compared to the NVI 5692 and NVI 5892 MVs, both in vitro and in vivo, which indicates a
potential transfer of virulence from the bacteria to their vesicles. MVs from all three strains
were shown to have an immunogenic effect when injected into adult zebrafish, leading to an
increased gene expression of il1b, il8, tnfa and ifng compared to PBS injected fish. A similar
gene expression pattern was, furthermore, observed for fish challenged with live bacteria,
indicating that the MVs might mimic a similar immune response induced by the bacteria upon
infection. An increased gene expression of il1b and ifng have also been reported for zebrafish
and
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noatunensis subsp. orientalis, and E. tarda, respectively [96, 165]. Both the pro-inflammatory
cytokine IL-1β and the Th1 cytokine IFNγ are also reported to be components of the innate
immune response and known to stimulate the adaptive [53]. In total, the expression of 14
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different genes were evaluated in kidney and spleen from zebrafish injected with MVs from
the three different strains of P .salmonis by RT-qPCR. As there is very limited information
available regarding the immune response in fish to P. salmonis and the MVs immunogenic
properties never have been evaluated, a selected set of genes evaluated by RT-qPCR were
chosen based on the literature.
Tumor necrosis factor alpha, interferon gamma, interleukin 8 and interleukin 10 beta have
previously been reported to be upregulated in the head kidney, liver and muscle of Atlantic
salmon infected with P. salmonis [181]. Interleukin 12 have, furthermore been shown to be
upregulated in RTS-11 cells infected with P. salmonis, and interleukin 6 has been reported to
be a candidate gene that could play a role in the immune response during SRS in Atlantic
salmon [182-183]. Thus, tnfa, infg, il8, il10 and il12 were evaluated in this thesis to
investigate if a similar gene response could be induced by the MVs. The macrophage
expressed gene 1 was selected as P. salmonis is commonly observed within macrophages
during infection and a similar interaction might occur with the vesicles [184]. The expression
of the MHC class II gene zgc:10370 were investigated as the MVs could potentially be
degraded for antigen presentation though MHC class II. MVs from several different bacterial
pathogens have been reported to interact with the nucleotide binding oligomerization domain
(NOD), a pathogen recognition molecule (PRM) for innate immune responses in epithelial
cells, and as a result the gene expression of nod1 and nod2 were evaluated [185-187].
Interleukin 1 beta was included in the RT-qPCR analysis as it has, together with tumor
necrosis factor alpha and interleukin 6, been reported to be upregulated in both olive flounder
and Japanese flounder inject with MVs from E. tarda and V. anguillarum, respectively [165,
188]. The CD40 molecule, also known as cluster of differentiation 40, have previously been
reported as a B cell marker in zebrafish, and the cd40 gene was therefore evaluated to
investigate the MVs effect on immune cells [189]. The suppressors of cytokine signaling
(socs) was chosen as they been reported to be important regulators of the balance between
pro- and anti-inflammatory signals during infection [190]. Several pathogens has been
reported to utilize the SOCS pathway in order to prevent the host’s ability to clear an
infection, and as MVs has been reported to play an active role in the pathogenesis, a similar
pathway cold be used by the vesicles [93, 191-193]. Of the genes evaluated, only il1b, il8,
tnfa, ifng, socs3b and zgc:10370 were shown to be upregulated. The data was, however,
limited to one time point and could potentially vary depending on the time of isolation. It
should also clearly be stated that several other host genes, in addition to the one analyzed,
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could be affected by the vesicles. Trying to determine multiple genes affected by the MVs
using RT-qPCR might, however, be exceedingly time-consuming as little is known regarding
the immune response to SRS and the MVs. Alternatively; RNA sequencing could have been
performed in order to evaluate the full zebrafish transcriptome upon MV exposure. As the
cost of RNA-seq has continued to drop over the last couple of years, it represents an
interesting alternative to the use of RT-qPCR [194]. The decrease in RNA-seq costs and the
increase in availability is, however, a recent development and were therefore not considered
as an alternative in for this thesis work. As a result, the selected genes were chosen based on
the literature about P. salmonis and MVs in order to give a brief insight to the vesicles
potential immunogenic properties by the use of RT-qPCR.
The effect of the MVs was, moreover, investigated using SHK-1 cells. P. salmonis have
previously been reported to induce structural changes in SHK-1 [117]. Therefore, this cell line
was chosen in order to evaluate if a similar effect could be observed after exposure to the
vesicles. The SHK-1 cell line has also been used multiple times to study the intracellular
replication and survival of P. salmonis in vitro [127, 195-196]. Exposure to P. salmonis
derived MVs in SHK-1 cells resulted in a cytopathic effect (CPE), including vacuolization,
rounding of cells and loss of surface adherence. Some formation of vacuoles was also
observed in the control group, but to a lower degree, which could indicate that it is a common
feature of the SHK-1 cell line itself. The formation of a CPE has, however, been commonly
used as a sign of infection in the SHK-1 cell line and reported for infectious salmon anemia
virus, Francisella sp, viral haemorrhagic septicaemia virus and infectious pancreatic necrosis
virus [197-200]. MVs isolated from LF-89 have also been reported to alter the cell
morphology leading to loss of surface adherence in CHSE-214 cells [171]. Thus, although
vacuolization might be a feature of the SHK-1 cells, the CPE observed may also indicate a
cytotoxic effect of the MVs.
MVs from all three strains of P. salmonis were shown to be internalized by both primary
leucocytes from zebrafish and SHK-1 cells in a dose-dependent manner, but a higher degree
of internalization were detected for the LF-89 MVs. The internalization of MVs was analyzed
by the use of fluorescently labeled vesicles detected by flow cytometry. Although the vesicles
only emitted a low fluorescent signal due to their small size, a shift in the fluorescent intensity
were detected after cultivation with the labeled MVs. The shifts in florescent intensity were,
furthermore, correlated to the MV dose, as exemplified with the LF-89 MVs in figure 8. The
internalization of MVs could indicate a degradation and presentation of the vesicles through
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MHC by antigen presenting cells. The gene expression of MHC II was, furthermore,
upregulated in the kidney of zebrafish injected with P. salmonis derived MVs. Similarly,
Salmonella typhimurium derived MVs have been reported to increase the surface expression
of MHC II in bone marrow-derived dendritic cells from mice [169]. MVs from
Porphyromonas gingivalis have, moreover, been shown to enter human epithelial cells by an
endocytic pathway and sorted into lysosomal organelles for degradation [201]. E. coli derived
MVs have, on the other hand, been reported to escape endocytic degradation, accumulating
within the cells [157]. Thus, the mechanisms of internalization by MVs do most likely vary
between different bacteria and further studies evaluating a endocytic uptake of P. salmonis
derived MVs should be performed in order to better evaluate their biological interactions. As
MVs from P. salmonis were shown to induce an immune response in adult zebrafish the
vesicles do, however, represent an interesting vaccine alternative.

Figure 8: Flow cytometry histograms characterizing the incorporation of FITC labeled MVs
from P. salmonis strain LF-89 by splenocytes (A), SHK-1 cells (B) and kidney leukocytes (C).
The gray line represent the control (PBS), the red line 10 μg/mL MVs-FITC and the blue line
20 μg/mL MVs-FITC. Figure made by Leidy Lagos.
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2. Membrane vesicles as a vaccine candidate against SRS
In order to investigate the vaccine potential of MVs isolated from P. salmonis, vesicles from
the high virulent strain, LF-89, were used for immunization of adult zebrafish (paper II). LF89 was chosen for the immunization experiments as strain NVI 5693 and NVI 5892, used in
paper I, was shown to display a low mortality in the zebrafish model (figure 7). Thus, LF-89
was considered more suitable in order to evaluate if the vesicles could reduce the mortality of
P. salmonis when used for immunization. LF-89 is also the P. salmonis type strain, one of the
few isolated that is commercially available and originates from Chile, where SRS is a major
problem [107, 202]. The morality caused by the LF-89 MVs in paper I was, furthermore,
shown to be dose dependent and no toxic effect were observed in zebrafish at concentration
below 20 μg. Bacterial derived MVs have previously been reported to protect adult zebrafish
against both F. noatunensis subsp. orientalis and F. noatunensis subsp. noatunensis [96, 170].
Also, MVs from Flavobacterium psychrophilum and E. tarda have been shown to induce a
protective effect in rainbow trout and olive flounder, respectively [165, 203]. Adult zebrafish
immunized with LF-89 MVs were protected from subsequent challenge with a lethal dose of
P. salmonis. Histological analysis indicated a reduced bacterial load based on
immunohistochemistry compared to the control group. The data is, however, based on a
limited number of replicates and additional methods should be performed in order to confirm
the detection of P. salmonis by immunohistochemistry.
Quantification of bacterial burden by RT-qPCR has previously been described for zebrafish
infected with F. noatunensis subsp. noatunensis [204]. For zebrafish infected with M.
marinum, antibiotic treatment, homogenization and plating of tissue on agar plates have been
reported [205]. Both methods were tested for zebrafish infected with P. salmonis, but neither
method successful in detection of the bacterium. In the case of tissue plating on agar,
antibiotic treatment prior to plating, as described for M. marinum, resulted in no growth of the
bacterium while plating without antibiotic resulted in a high degree of contamination [205].
Although antibiotic resistant strains of P. salmonis has been reported, the bacterium is in
general been shown to be sensible to a wide range of antibiotics, and thus tissue plating may
not be ideal or would require extensive testing of different compounds [206-207].
Quantification using RT-qPCR resulted in high variation between the fish, and in most cases
no detection was registered. The quantification was, however, performed using RNA samples,
whereas genomic DNA was used in the case of F. noatunensis subsp. noatunensis, which may
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contribute to unreliable results as the target genes may not be expressed as RNA [204]. Thus,
an optimization of RT-qPCR or the use of agar plates should be investigated further. The use
of immunohistochemistry does, nonetheless, indicate the presence of P. salmonis inside the
fish.
Histological analysis by hematoxylin and Schiff’s reagent staining did, furthermore, revealed
the formation of cell aggregates in both MV immunized fish and the control group, but to a
smaller degree in the MV group. The histological sections have been evaluated by a
histopathologist and the aggregates reported to be dominated by blood cells. Aggregation of
blood cells could indicate thrombosis, a pathological event preventing blood loss after vessel
injury by blood coagulation. Thrombi formation may, furthermore, by initiated by the innate
immune system as a defense mechanism to locally control an infection, known as
immunethrombosis [208]. Immunethrombosis is commonly activated by blood-borne
pathogens and represses the tissue invasion by the involvement of fibrin, monocytes
neutrophils and platelets [209]. The cell aggregates was, however, not analyzed any further
and additional investigation is needed in order to determine if the structures are a result of the
P. salmonis infection. As further investigations are needed to better evaluate the cell
aggregates, they have been described as granuloma-like structure sin paper II, meaning
aggregates of immune related cells formed in order to contain a bacterial infection [210].
Zebrafish immunized with MVs were also shown by ELISA to display increased P. salmonis
specific IgM in serum at 1 and 3 days after challenge compared to the control fish. Serum
from four fish was pooled in order to gain enough serum for the analysis, and the OD value
from phosphate injected fish was used as a cut of point. Wells without bacterial coating was
used as a negative control. The data should, however, be interoperated carefully due to a
restricted number of serum replicates, which is a drawback with the zebrafish model. ELISA
analysis of serum from zebrafish has previously been described, but in order to perform
titration curve serum from 25 fish where pooled [211]. Thus, performing multiple replicates
for ELISA analysis at multiple time-points would require several hundred fish which is
ethically debatable. Alternatively, the number for time-point could be reduced, but as no
information is available regarding the IgM secretion in zebrafish upon infection with P.
salmonis selecting appropriate time-points could be problematic. Multiple time-points with
limited replicates were therefore chosen, giving an insight to the IgM production upon
immunization and challenge, which might be of useful information for further studies. The
production of antigen specific antibodies by B cells is in general considered an important
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hallmark of the adaptive immune response [66]. The production of antigen specific antibodies
has, furthermore, been reported to be correlated with an increased protection and resistance
against bacterial infections in fish [212-214]. Anti-P. salmonis IgM have also been reported
important for prolonged resistance against SRS [143]. Thus, although the data was based on
limited number of replicates it might indicate the involvement of IgM in the MV mediated
protection in zebrafish.
The immune response of the fish to both the vesicles and bacterium was, in addition, analyzed
by RT-qPCR. As described in in the discussion of paper I, certain genes has been reported to
be affected by the bacterium in its natural host and thus these genes were included for RTqPCR analysis in both paper I, II and III (il6, il8, il10 and tnfa). As interleukin 1 beta has been
reported upregulated in previous immunization studies with MVs in fish, il1b was included
[165]. The genes mpeg.1.1, cd40 and mpx were analyzed in order to investigate the
macrophages, B cell and neutrophils, respectively, providing an insight to both the MVs and
the bacterium’s effect on immune cell populations. The socs3b and zgc:10370 was evaluated
as they were shown to be upregulated in paper I, and the gene expression of IgM incorporated
to supplement the ELISA data. It could be argued that that the data mainly represent the
innate immune response and that the adaptive should be further investigated, as the MVs were
assessed as a vaccine candidate. The main aim of this thesis was, however, not to evaluate the
mechanism of action for the MV vaccine but simply their ability to protect zebrafish against
P. salmonis. Thus, the genes selected do, in most parts, represent what is known regarding the
immune response to the bacterium or its MVs, and used to evaluate their effect upon
immunization and challenge. In retrospect, including more genes representing the adaptive
immune response would have strengthened the data. The small size of the zebrafish does,
nonetheless, limit the amount of RNA harvest from the organs and thereby the number of
genes that can be analyzed. As a result, genes known to be affected in the literature and in
paper I was used in this thesis work.
Based on the RT-qPCR, the gene expression of il1b, il6, il10 and tnfa were shown to differ
between fish immunized with MVs and the control group after bacterial challenge. With a
reduced gene expression of il1b, il6 and il10, but a higher tnfa gene expression at 1 and 3 days
post challenge in the MV immunized fish compared to the control group. An alteration in the
gene expression between MV immunized and control fish indicates an effect of the vesicles
on the zebrafish’s reaction to infection: potentially leading to a rapid initiation of the
protective response and a reduction of the inflammatory machinery, as proposed by others
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[215]. Prior to bacterial challenge, MVs were shown to induce an increased immune gene
expression in zebrafish, similar to what is described in paper I, demonstrating the vesicles
immunogenic potential. The biggest difference in gene expression level between fish
immunized with MVs and the control group was for the mpeg1.1 gene, a well-documented
macrophage marker in zebrafish [216-218]. Fish immunized with MVs displayed in general a
higher gene expression of mpeg1.1, both before and after challenge, compared to the control
group.
The gene expression of mpeg.1.1 has previously been reported to be downregulated in
zebrafish infected with M. marinum and Salmonella typhimurium [219]. Chlamydia
trachomatis has, furthermore, been shown to block the expression of mpeg in HeLa cells upon
intracellular growth [220]. As mpeg1.1 encodes a perforin-like protein involved in the
clearance of intracellular pathogens, a similar mechanism could be utilized by P. salmonis,
which could explain the low gene expression of mpeg1.1 in the control fish [221].
Consequently, an increased gene expression of mpeg1.1 after challenge in fish immunized
with MVs could indicate a reduction of P. salmonis infected macrophages, potentially
mediated by a rapid initiation of the immune response. A rapid and efficient immune response
upon bacterial infection is in addition an important characteristic of memory B and T cells
[66]. The MVs ability to induce an adaptive immune response is, however, yet to be further
investigated.
As an increased gene expression of mpeg1.1 was detected upon immunization, the MVs could
potentially be degraded for antigen presentation through MHC class II. Bacterial MVs have
been reported to escape from early phagosomes for delivery of LPS to cytosol in bone
marrow-derived macrophages, and antigens from the vesicles might therefore be presented
through MHC class I as well as class II (Figure 9) [222-223]. MVs containing cholera toxin
have also been shown to induce the production of cytotoxic T cells upon immunization of
mice, indicating that bacterial derived vesicles can induce a CD 8+ T cell response through
the MHC presenting machinery [224]. As MHC class I and II antigen representation might be
initiated through vaccination with P. salmonis derived MVs, further investigations of the
vesicles

interactions

with

antigen

presenting

cells

should

be

performed.

Immunohistochemistry using monoclonal antibodies against CD4-1 and CD8a were
performed on histology samples from the immunization experiment, but the results were
negative (data now shown). The antibodies are initially made against ginbuna crucian carp
(Carassius auratus langsdorfii) CD4-1 (6D1) and CD8a (2C3), but a cross reactivity in
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zebrafish primary cells has been reported [225]. Thus, the negative result may be due to a low
cross reactivity in histological preparations and further testing using primary cells isolated
from immunized or challenged fish could be tested in order to evaluate the antibodies further.
This would, however, require a new animal experiment, and was therefore not further
investigated in this thesis work.

P. salmonis

P. salmonis containing vacuole

Figure 9: Proposed mechanism for the intracellular trafficking of P. salmonis and its
membrane vesicles (MV) upon uptake by antigen presenting cells. Both the bacterium and its
MVs can potentially undergo degradation for antigen representation through MHC class II
upon uptake, or the bacterium can escape the phagosome-lysosome fusion for replication and
release to environment. The MVs can, furthermore, potentially escape the phagosome and
undergo cross-presentation thorough both MHC class I and II. Figure made by JI. Tandberg.
As P. salmonis has been shown to undergo both replication and degradation within rainbow
trout head kidney macrophages, the bacterium itself could potentially, as with the MVs, be
presented through MHC class II upon infection (Figure 9) [126]. P. salmonis has also been
shown to produce MVs upon infection of CHSE-214 cells, and thus antigens from both the
bacterium and the vesicles could be presented to T cells upon infection [171]. Alternatively,
as the bacterium has been shown to inhibit the fusion of phagosomes and lysosomes, P.
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salmonis could remain within phagosomes for replication followed by a release of both the
bacterium and its MVs from the cell (Figure 9) [125]. In both cases, an activation of the
adaptive immune response is needed in order to clear the bacterial infection. This can be
moderated either by T cell mediated killing of infected cell or by the production of P.
salmonis specific antibodies for recognition of the bacterium outside cells [66]. Most likely, a
combination of both is needed in order to provide protection against SRS. The MVs
immunogenic capabilities may, moreover, be enhanced by the use of adjuvants or
incorporation of alternative antigens. Thus, further studies of P. salmonis derived MVs both
individually and in combination with an adjuvant or other antigens should be performed in
order to further evaluate the vesicles vaccine potential against SRS.

3. Chitosan as a potential vaccine adjuvant
In order to evaluate if the MVs immunogenic effect could be enhanced by the inclusion of an
adjuvant, the P. salmonis derived vesicles were coated with chitosan (paper III). As traditional
adjuvants used for fish vaccination have been found to cause side effects, alternative
adjuvants, like chitosan and chitosan nanoparticles, have been investigated [33]. Thus, paper
III did also aim to evaluate the adjuvant potential of chitosan and its immunogenic properties
independently of the MVs. The chitosan experiment was performed in parallel to the MV
immunization experiment described in paper II, and the same control group used in both
papers. Although the data in paper II and III in many ways are directly connected and
compared in the present thesis the data has been separated into two papers. The main aim of
paper II was simply to evaluate if the MVs could protect adult zebrafish from SRS, as an
extension of paper I, while paper III aimed to investigate chitosan as an adjuvant. As a
zebrafish infection model for P. salmonis was already established in the lab, it was naturally
to use the MV system in order to investigate chitosan rather than establishing a new infection
model. Even though paper II and III could have been merged to a single publication by having
overlapping aims, they do represent two separate scientific questions regarding MVs as a
vaccine and chitosan as an adjuvant.
In mammals, chitosan has been shown to provide a similar or enhanced immune response
compared to traditional adjuvants, including Freund's adjuvant and aluminum hydroxide
[226]. Chitosan in combination with formalin-inactivated V. anguillarum have, furthermore,
been shown to provide an enhanced immunoprotection
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in both zebrafish and

turbot (Scophthalmus maximus) compared to formalin-inactivated V. anguillarum alone [227].
When injected into adult zebrafish chitosan were shown to induce an increased gene
expression of both il1b and mpeg1.1 compared to the control group after one day. Chitosan
coated MVs (cMVs) did, furthermore, induce a higher gene expression level of il1b compared
to the non-coated MVs one day after immunization. No differences were observed in the
mpeg.1.1 gene expression between the cMVs and MV immunized fish after one day, but after
two weeks the cMVs induced a higher gene expression of mpeg1.1 compared to the MVs.
These results indicate that chitosan might enhance the MVs immunogenic effect in addition to
inducing an increased expression of immune related genes in zebrafish. Chitosan has been
reported to increase the migration activity of both mouse peritoneal macrophages and rat
macrophages [228]. Similar results have been shown in koi (Cyprinus carpio koi) feed dietary
chitosan [229]. The pro-inflammatory cytokine IL-1β is, furthermore, mainly produced by
activated macrophages, monocytes and dendritic cells, and thus an increased gene expression
of il1b in combination with mpeg1.1 in zebrafish could indicate enhanced macrophage
activity [230].
Murine macrophages have been reported to display a higher uptake of nanoparticles with a
positive zeta-potential compared to particles with a negative charge. Nanoparticles with a size
of 150 nm have, furthermore, been shown to be more efficiently phagocytosed than
nanoparticles over 300 nm [231]. The chitosan coated MVs were shown to have an average
size of 182.2 ± 4.3 nm and an increase in zeta-potential from -21.2 ± 0.6 mV to 31.2 ± 1.8 mV
upon coating. Thus, an alteration in the MVs charge and size by chitosan coating might affect
the vesicles cellular uptake after immunization. As the cMV and MVs only had a size
difference of approximately 24 nm, a difference in cellular uptake is more likely to be
affected by the recorded change in zeta-potential rather than size [232]. As both size and
charge can affect the vesicles biological function, detailed investigation of how the cMVs
structural properties influence their cellular interactions should be performed [233]. As
chitosan coating enables a modification of the MVs surface charge and size, it represents an
interesting tool for altering of the MVs immunological properties. The chitosan surface of the
MVs can in addition be further modified with different ligands to increase the vesicles cellular
recognition and uptake [232]. Surface modified nanoparticles, conjugated with ligands, such
as interleukins or antibodies, have been reported to induce a cell-target delivery and increase
the cellular uptake [234-235].
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As chitosan is a biodegradable polymer, it is naturally degraded into chitooligomers and
monomers by enzymatic hydrolysis by chitinases, chitosanases and other nonspecific enzymes
such as lysozymes [232, 236]. The degradation of chitosan over time could, in the case of the
chitosan coated MVs, facilitate a slow release of the vesicles, providing a longer exposure
time to the immune system. Chitooligomers and monomers have, furthermore, been reported
to activate human macrophages and fibroblasts, indicating that the degradation of chitosan can
contribute to an immunological effect [237]. The degradation of cMVs could, however, be
influenced by the chitosan’s molecular structure and weight [236, 238]. The degradation time
of cMVs were not investigated, but as no visible side effect was observed in the chitosan
injected fish, chitosan is most likely safe to use as a potential adjuvant. A reduction in activity
was, however, observed for zebrafish injected with 40 μg cMVs. Zebrafish embryos exposed
to chitosan nanoparticles have, furthermore, been reported to display malformations and
mortalities [239]. Consequently, further studies are needed to evaluate the safety and longterm effects of chitosan as an adjuvant.
Chitosan coating of the MVs did, nonetheless, reduce the toxic effect of the vesicles. As
described in paper I, purified MVs from LF-89 resulted in mortalities at a concentration of 40
μg. In contrast, no mortalities were observed in zebrafish injected with 40 μg of the chitosan
coated vesicles, indicating that chitosan protects the fish against the pathogenic effects of the
MVs. This effect could potentially be due to the degradation of chitosan, resulting in a slow
release of the vesicles over time. Drug delivery though chitosan nanoparticles has been
reported to provide a more controlled and slower release of the drug, resulting in a reduced
toxicity [236]. Chitosan polymeric micelle’s loaded with anticancer drug has, among other,
been reported to provide targeted delivery to the liver and spleen while reducing the drug
toxicity in the hearth and kidney [240]. Similar results have been shown for cisplatin-loaded
glycol chitosan nanoparticles in mice, increasing the antitumor effect and again having
reduced toxic effects [241]. Although the mechanism behind a reduced toxicity by chitosan
nanoparticles is yet to be fully elucidated, it could explain why the cMVs displayed a reduced
toxicity compared to the MVs in zebrafish.
The chitosan coated MVs did, however, induce a reduced activity in adult zebrafish at 40 μg,
and as a result a dose of 20 μg of cMVs was used for the immunization experiment. A small
but non-significant increase in survival was registered for fish immunized with cMVs
compared to the MVs after challenge with P. salmonis (Figure 10). Similarly, fish injected
with free chitosan had a reduced mortality compared to the phosphate buffer injected fish. The
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increased survival might be due to a non-specific immune response induced by chitosan,
resulting in improved resistance to the bacterial infection. To what degree the increase in
survival is specific to chitosan as an adjuvant or for all adjuvants in general was, however, not
evaluated. It is possible that a similar effect could be observed with, for example oil based
adjuvants, which in commonly used in the aquaculture. Oil based adjuvant has, on the other
hand, been reported to cause side effects and it was therefore of interest to investigate an
alternative adjuvant in combination with the MVs [34]. The main aim of the study was,
moreover, to evaluate chitosan as an adjuvant and its ability to enhance the vesicles
immunogenic effect, rather than a comparative study of fish adjuvants. Thus, alternative
adjuvants were not included in the experiment. It would, however, be of interest to evaluate
multiple adjuvants in combination with the MVs in further studies, as an increased survival
was detected for the cMVs. The protective effect of both the MVs and the cMVs should also
be verified using the bacterium’s natural host as the experiments was performed using
zebrafish. The zebrafish model does, nonetheless, represent an interesting tool for studies of
new vaccine candidates and adjuvants in vivo.

Figure 10: Kaplan−Meier curves of cumulative survival of adult zebrafish AB WT immunized
with chitosan, phosphate buffer, membrane vesicles (MV) or chitosan coated membrane
vesicles (cMV( followed by a subsequent challenge with P. salmonis (1 x 108 CFU) after 28
days post immunization. The figure represents a merge of data from paper II and III, in order
to better compare the cumulative survival of fish immunized with MVs and cMVs.
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4. Zebrafish as a host model for studies of Piscirickettsia salmonis
Zebrafish has over the last decade been extensively used an model system for studies of
bacterial pathogens, providing an important bridge between the use of cell cultures and higher
vertebrates [86]. Thus, an adult zebrafish host model was established in order to study P.
salmonis and its MVs, enabling cost-efficient immunization experiments at a larger scale.
Upon injection with P. salmonis adult zebrafish displayed a reduced activity level and an
increased gene expression of il8, il10, tnfa and ifng. The same genes have also been shown to
be upregulated in Atlantic salmon upon infection with the bacterium, indicating that P.
salmonis might cause a similar immune reaction in salmon and zebrafish [181]. Upon
injection with Calcein AM stained P. salmonis into zebrafish embryos the bacterium has,
furthermore, been reported to reside within macrophages and thereby generating bacterial
aggregates inside the fish, as exemplified in Figure 10 [242]. Similar results have been
described for M. marinum and Francisella spp infections in embryos, indicating that zebrafish
is susceptible to infections caused by intracellular fish pathogens [93, 243].

Figure 10: Fluorescence microscopy of zebrafish larva at 6 and 14 hours post infection (hpi)
with P. salmonis. Calcein AM stained P. salmonis (green) were shown to reside within
macrophages (red) upon injection into mpeg1:mcherry transgenic zebrafish. Antibody
staining of wild type zebrafish (blue) injected with P. salmonis (red) confirmed the formation
of bacterial aggregates. Figure acquired from the master thesis of Eva Berger, in which the
original images are not available with scale bars [242]. The images are used merely as an
illustration.
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Infections studies using fish pathogens may, however, require the experiments to be
performed at a low temperature, which could affect the zebrafish’s immunological response,
as the optimal temperature for zebrafish maintenance is 28 °C [244]. Prior to infection with P.
salmonis, the zebrafish were acclimatized from 28 °C to 20 °C in order to facilitate survival of
the bacterium. A 10 °C temperature reduction have previously been reported to affect the gene
expression profile of adult zebrafish, including the expression of immune related genes [245].
A change in water temperature has, furthermore, been shown to affect the growth
development, metabolism and behavior of adult zebrafish [246]. Thus, it is possible that a
reduction in water temperature could affect the zebrafish’s response to P. salmonis and further
investigations of bacterial infection under different temperatures should be performed. The
effect of reduced water temperature prior to infection might, however, be limited as adult
zebrafish have been reported to have a temperature tolerance ranging from 6 °C to 41 °C
[247].
Taking the wide temperature tolerance and immunological activity of adult zebrafish together,
it represents a versatile model for studies of aquatic pathogens. There are, however, certain
drawbacks with the use of a zebrafish infection model, like a limited blood and serum volume
due to its small size, limiting the analysis of circulating hormones and antibodies [248].
Moreover, as zebrafish and fish used in aquaculture, like salmonids, display an evolutionary
separation of over 150 million years, more closely related fish species could represent a more
suitable model [91, 248]. Zebrafish are also kept at a considerable higher temperature
compared to salmon, although the temperature was adjusted to 20 °C in the experiments.
Thus, there is still a large gap between the bacterium’s natural host and zebrafish as a model.
As the adaptive immune response has been described to be more efficient at higher
temperatures, the data derived from the zebrafish model may not be transferable to salmon
[249-250]. As a result, the MVs might not induce a protective effect in the bacterium’s natural
host and the result presented in this thesis should be interoperated carefully. There are also
certain aspects of the zebrafish immune response that is yet to be fully elucidated, like the
toll-like receptor 4 (TLR 4) [251]. Toll-like receptors are a group of pattern recognition
receptors belonging to the innate immune system [252]. In mammals TLR4 recognizes LPS,
which upon exposure to even small amounts of LPS can induce a toxic pro-inflammatory
response leading to sepsis [253].
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As bacterial derived MVs have been reported to contain LPS, TLR4 is of particular interest in
regard to the vesicles vaccine potential. It has, however, been shown that fish display a
reduced sensitivity to bacterial LPS and to what degree a toxic LPS response is present in fish
is still widely debated [254]. Two TLR4 orthologues have been identified in zebrafish,
sharing a common ancestor with human TLR4, and concentrations ranging from 50-150
μg/mL LPS from E. coli and P. aeruginosa have been reported to cause mortalities in
zebrafish larvae [251, 255]. Studies using 0.1-10 μg/mL of LPS from E. coli and
Porphyromonas gingivalis have, however, demonstrated that the zebrafish TLR4 are not
involved in LPS recognition [254]. As a result, zebrafish might not be a suitable model in
order to elucidate the potential effect of LPS in MVs, due to contradictory results in the
literature. Moreover, as little is known about TLR4 and its activity in fish, the potential effect
of LPS in MVs remains an unsolved issue. Thus, further investigations of LPS from P.
salmonis and its MVs should be performed in order to evaluate potential toxic effects.
Nevertheless, based on the existing data is seems like zebrafish is a suitable model for studies
of P. salmonis, although the results need to be confirmed experimentally in salmon.
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Main conclusion
x

P. salmonis produce membrane vesicles containing several components known to
induce an immunogenic response. The vesicles are able to induce an effect both in
vitro and in vivo, and their protein composition is strain specific.

x

P. salmonis derived membrane vesicles induced the expression of immune related
genes in zebrafish and reduced the mortalities after bacterial challenge.

x

Chitosan coating of P. salmonis derived membrane vesicles increased the vesicles
immunogenic properties and provided an increased protection against P. salmonis
infection in adult zebrafish.
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Future prospects
x

To fully characterize the P. salmonis derived membrane vesicles alternative isolation
protocols should be investigated, including the effect of different growth conditions on
vesicle production and other purification methods for characterization of LPS, DNA
and RNA content.

x

The phagocytosis and potential degradation of the membrane vesicles by antigen
presenting cells should be examined in order to evaluate the vesicles ability to induce
a CD 4+ and CD 8+ T cell response through cross presentation by MHC I and II.

x

As the membrane vesicles were shown to induce the production of P. salmonis
specific IgM in adult zebrafish, further studies of B cell activation and antibody
production upon immunization should be performed.

x

As bacterial derived membrane vesicles are known to contain lipopolysaccharides, the
LPS content of P. salmonis derived MVs and its interaction with TLR4 should be
investigated. LPS depletion of the vesicles should, furthermore, be considered in order
evaluate the role of LPS in the vesicles immunogenic effect.

x

The adjuvant potential of chitosan needs to be investigated further in order to evaluate
its safety and long-term effects. The use of alternative adjuvants should also be
considered, in combination with the P. salmonis derived vesicles, in order to enhance
the immune response.

x

To further investigate the use P. salmonis derived membrane vesicles as a vaccine
candidate against SRS in aquaculture, the vesicles protective effect needs to be
evaluate using the bacterium’s natural host.
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Membrane vesicles (MVs) are spherical particles naturally released from the membrane of
Gram-negative bacteria. Bacterial MV production is associated with a range of phenotypes
including biofilm formation, horizontal gene transfer, toxin delivery, modulation of host
immune responses and virulence. This study reports comparative profiling of MVs from
bacterial strains isolated from three widely disperse geographical areas. Mass spectrometry identified 119, 159 and 142 proteins in MVs from three different strains of Piscirickettsia
salmonis isolated from salmonids in Chile (LF-89), Norway (NVI 5692) and Canada (NVI
5892), respectively. MV comparison revealed several strain-specific differences related to
higher virulence capability for LF-89 MVs, both in vivo and in vitro, and stronger similarities
between the NVI 5692 and NVI 5892 MV proteome. The MVs were similar in size and
appearance as analyzed by electron microscopy and dynamic light scattering. The MVs
from all three strains were internalized by both commercial and primary immune cell cultures, which suggest a potential role of the MVs in the bacterium’s utilization of leukocytes.
When MVs were injected into an adult zebrafish infection model, an upregulation of several
pro-inflammatory genes were observed in spleen and kidney, indicating a modulating effect
on the immune system. The present study is the first comparative analysis of P. salmonis
derived MVs, highlighting strain-specific vesicle characteristics. The results further illustrate
that the MV proteome from one bacterial strain is not representative of all bacterial strains
within one species.

Introduction
Membrane vesicles (MVs) are 50 to 250 nm spherical structures, enclosed by a single or double
membrane, secreted from the surface of many Gram-negative bacteria during all stages of
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growth [1–3]. Proteomic and biochemical characterization has revealed that the vesicles contain a variety of bacterial components, including periplasmic and outer membrane proteins as
well as lipopolysaccharides (LPS), DNA, RNA and cytoplasmic proteins [4–7]. Together they
represent several aspects of the bacteria, but in a non-replicative form. MVs have also been
reported to contain several important immunogenic factors, such as toxins [8], chaperons [9],
and active enzymes [5]. The mechanisms of the MV formation and their biological role have
yet to be clearly defined. However, bacterial MV secretion has been associated with several phenotypes including biofilm formation [10], bacterial survival [11], toxin delivery [12], cell-tocell communication [13], and host-pathogen interactions [14]. MVs from infectious agents
have also been found in both tissue and fluid samples from patients [15–17], indicating that
the vesicle secretion plays an important role in the bacterial pathogenesis. The MV secretion is
shown to be upregulated during stress and environmental changes [11]. These include treatment with membrane active antibiotics, nutrient depletion, temperature alteration and chemical exposure [18–21], alterations which the bacterium may encounter both in its natural
environment and within a host. Alterations in MV production upon environmental changes
can be exemplified by the human opportunistic pathogen Pseudomonas aeruginosa, which
increases its secretion of MVs during treatment with gentamycin [18]. Similar observations
have been done for Shigella dysenteriae serotype 1, which displayed a significantly higher concentration of the shiga toxin inside the MVs when treated with mitomycin C [19]. Pathogenic
bacteria, in general, have the tendency to produce more MVs compared to their non-pathogenic counterparts, and for marine bacteria the vesicle production is reported to be important
for survival [22–24]. Marine isolates of Alteromonas have been shown not only to persist, but
also to grow in seawater media when supplemented with purified MVs from Prochlorococcus.
In contrast, the control group displayed a reduced viability when grown in non-supplemented
seawater media [24–25]. Furthermore, comparative MV protein profiling of two clinical isolates of Acinetobacter baumannii has revealed potential strain-specific links between vesicle
content and virulence factors [26]. Taken together, it illustrates that the release of MVs may
play an important role for bacterial survival and pathogenesis within a host.
In a host, isolated MVs have been shown to induce an immune response by activating the
production of various cytokines, and have therefore been investigated and used as vaccines [4,
27]. However, modulating the immune response could also be beneficial for bacterial pathogens [28]. For a pathogen to successfully establish an infection, it needs to overcome the host’s
initial immune defense [29]. The human pathogen Moraxella catarrhalis has been shown to
utilize MV secretion in order to modify the B-cell response, to avoid direct contact with the
host’s immune cells [30]. Furthermore, MVs form both Helicobacter pylori, Pseudomonas aeruginosa and Neisseria gonorrhea has been shown to upregulate the expression of nuclear factor
NF-ĔB and the intracellular pattern recognition receptor NOD1 in vitro, promoting inflammation and pathology in infected hosts [31]. NF-ĔB is shown to be important for regulating the
expression of several inflammatory and immune genes [32], while NOD1 has been described
as a key pathogen recognition molecule (PRM) for the innate immune response [33]. Thus, the
release of MVs interacting with the immune response could be beneficial for the pathogen in
order to fight of the host’s defense system. Nonetheless, MV-based vaccines have successfully
been used for epidemic control in Cuba, Norway, Brazil, and New Zealand against serogroup B
meningococcal disease [34–37]. MVs used in vaccination of fish have also been reported to
give good protection against Edwardsiella tarda in olive flounder (Paralichthys olivaceus) [38],
Flavobacterium psychrophilum in rainbow trout (Oncorhynchus mykiss) [39], and Francisella
noatunensis in zebrafish (Danio rerio) [40].
The Gram-negative intracellular bacterium Piscirickettsia salmonis is the etiologic agent of
salmonid rickettsial septicaemia (SRS), a chronic and often fatal disease in salmonid and a

PLOS ONE | DOI:10.1371/journal.pone.0165099 October 20, 2016

2 / 27

Comparative Proteomics of OMV Isolated from P. salmonis

variety of marine fish species [41–42]. P. salmonis was and characterized from Coho salmon
(Oncorhyncus kisutch) in 1989 after a devastating epizootic in the Chilean aquaculture industry
[41]. The bacteria has since then been recognized as an emerging problem as outbreaks of SRS
has been reported across the world [43–45]. Strains of P. salmonis has been identified in salmon
net-pens in Norway, Canada, Ireland and Scotland, but with a reduced virulence compared
to the Chilean strains [46]. P. salmonis has been shown to infect, replicate and survive within
macrophages as a part of its infection strategy. The infection process includes the formation
of vacuoles within the host cells, enabling the bacterium to avoid the fish’s primary immune
defense [44, 47–49]. The mechanisms behind P. salmonis ability to utilize macrophages are still
poorly understood, but a Dot/Icm Type IV Secretion System homolog, has been identified
within the genome of P. salmonis, and might be involved in the inhibition of phagosome-lysosome fusion during infection [50]. Furthermore, the heat shock protein ClpB and virulence factor BipA, proteins known to modulate the host cells defense mechanisms, has been reported to
be expressed by the bacterium [51]. Nonetheless, the specific function of the Dot/Icm system,
ClpB and BipA during SRS are still unknown. Thus, the mechanisms behind P. salmonis pathogenesis are poorly understood and further research is needed to characterize the bacterium.
MVs are of interest as they are considered to be important virulence factor and the secretion
of MVs from P. salmonis was recently described for LF-89 [52]. As a geographic difference in
virulence of SRS outbreaks have been reported [46], the present study focused on evaluating
potential strain-specific differences in MV properties using three geographically disperse isolates of the bacterium including P. salmonis isolated from Norway (NVI 5692), Canada (NVI
5892) and Chile (LF-89). The identification and comparison of the proteins packed into MVs
were analyzed to give new insight to the adaptation and virulence of P. salmonis. We show
that intact MVs can be isolated from the three P. salmonis strains. Comparative MV profiling
revealed several strain-specific factors, and in depth-analysis revealed that the vesicles contain
a variety of proteins and that MVs may have a biological function both in vivo and in vitro.

Material and Methods
Bacterial Strains and growth conditions
Three isolates of P. salmonis were used for the characterization of MVs: LF-89 (type-strain
ATCC VR 1361) isolated from Coho salmon (Oncorhyncus kisutch) in Chile [41], and NVI
5692 and NVI 5892 isolated from Atlantic salmon (Salmon salar) in Norway and Canada,
respectively [53] (Kindly donated by Duncan J. Colquhoun, Norwegian University of Life Science). All three isolates were routinely grown at 20°C on Eugon Chocolate Agar (ECA), containing 30.4 g/L BD Bacto TM Eugon Broth (Becton, Dickinson and Company, Franklin lakes,
NJ, USA), 15 g/L Agar Bacteriological (Thermo Fisher Scientific, Hudson, NH, USA) and 5%
bovine blood (Håtunalab AB) [54] or in EBFC containing BD Bacto TM Eugon Broth supplemented with 2 mM FeCl3 (Sigma-Aldrich Co., St. Louis, MO, USA) and 1% Casamino Acids
(BD) with agitation (100 rpm) for 7–10 days, depending on the isolate. The bacterial stocks
used were frozen in autoclaved 10% skimmed milk (BD Difco) or in BD Bacto TM Eugon
Broth supplemented with 20% glycerol (Sigma-Aldrich) and stored at—80°C.

Purification and fluorescent labeling of MVs from Piscirickettsia
salmonis
10 mL of exponential-growth phase cultures of each P. salmonis isolate was used to inoculate
200 mL of EBFC. The cells were grown at 20°C with agitation, and growth curves were measured by using optical density reading at 600 nm until the isolates reached late exponential-
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phase. MVs were isolated as described [40]. In short, the bacterial cells were removed by centrifugation (10 minutes, 15 000 g, 4°C), and the supernatant filtered sequentially through a 0.45and 0.22 μm/pore filter in order to remove the remaining bacterial cells. The filtrate was then
ultra-centrifuged sequentially at 125 000 g at 4°C for 2 hours and 125 000 g at 4°C for 30 minutes, to eliminate cell debris and aggregates. The MVs were resuspended in 100 μL 1x phosphate buffered saline (PBS) pH 7.2, and protein concentration determined by a Picodrop
spectrophotometer (Picodrop Limited, UK). MV aliquots (10 μL) were spread onto ECA plates
to check for sterility, and the remaining sample was stored at -80°C until use. A Zetasizer Nano
ZS (Malvern instruments Ltd., UK) was used to conduct dynamic light scattering measurements, to determine the MVs size [55]. A velocity gradient centrifugation was preformed to
evaluate the purity of the MV isolation, and each layer of the gradient investigated by transmission electron microscopy for quality control [7]. The labeling of MVs with fluorescein isothiocyanate (FITC; Sigma-Aldrich, USA) was done according to the method described [56], with
some minor modifications. Vesicles were incubated for 1 hour at 25°C with 1 mg/mL isothiocyanate and pelleted at 25 900 rpm for 30 minutes. The FITC-labeled MVs were then washed
three timed with 50 mM HEPES, resuspended in PBS and monitored for sterility and protein
concentration as described above.

Isolation of outer- and inner membranes using water lysis
10 mL of exponential-growth phase cultures of each P. salmonis isolate was used to inoculate
200 mL of EBFC. The cells were grown at 20°C with agitation until the isolates reached late
exponential-phase. For the preparation of mixed membrane fractions the cell cultures were
split into four sterile 50 mL Falcon tube and a water lysis protocol was used [57]. The mixed
membranes were separated by a linear sucrose gradient of: 55%, 50%, 45%, 40%, 35% and 30%
(w/w) sucrose in Tris-EDTA buffer. The mixed membrane samples were placed on top of each
gradient and the samples ultra-centrifuged at 38 000 rpm at 4°C for 17 hours. The sucrose layers were carefully removed and the membrane fractions harvested, the inner membranes were
at the 35–40% interface and the outer membranes at the 50–55% interface. The protein concentration was determined by a Picodrop spectrophotometer, and membrane aliquots (10 μL)
were spread onto ECA plates to check for sterility. The remaining samples were stored at -80°C
until use.

SDS-PAGE
A standard SDS-PAGE procedure was used [58]. Briefly, 20 μg of membrane fractions and
MVs isolated from LF-89, NVI 5692 and NVI 5892 was loaded onto a 12% (w/v) SDS polyacrylamide gel. The proteins separated through SDS-PAGE were stained with Coomassie Blue,
and the image was acquired and evaluated using Gel doc™ XR+ with Image Lab™ software (BioRad, Munich, Germany). Protein molecular weight standards were obtained from Bio-Rad.

Electron Microscopy
For transmission electron microscopy carbon coated Formvar copper grids were placed on a
drop of MV suspension for 5 minutes. The grids were then washed three times with PBS and
the samples were fixed in 1% glutaraldehyde (Sigma-Aldrich) for 4 minutes. The samples were
washed three times with PBS, two times with Milli-Q (MQ) water, stained for 20 seconds with
4% uranyl acetate (Sigma-Aldrich) in MQ water, washed once with MQ water and finally left
on a solution of (9:1) methyl-cellulose (Sigma-Aldrich) with 4% uranyl acetate for 10 minutes
on ice. The grids were then dried and viewed in a Philips CM200 transmission electron microscope and the images were acquired using the iTEM software (Olympus, PA, USA). For
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scanning electron microscopy a drop of bacterial suspension was placed on pre-coated poly-Llysine (Sigma-Aldrich) coverslips (Thermo Scientific) and fixed overnight at 4°C with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4. The coverslips were then washed twice
in 0.1M sodium cacodylate buffer pH 7.4 for 10 minutes, and the samples dehydrated in a
graded ethanol series for 10 minutes at 70%, 90%, 96% and 100% and for 15 minutes 4 times in
100% ethanol. Dehydrated samples were subsequently critical-point dried using carbon dioxide
in a CPD 030 critical-point dryer (Bal-Tec, CA, USA), then mounted on stub with carbon-circles colloidal silver and sputter coated with a Cressington coating system 308R. The samples
were viewed in a Hitachi S-4800 scanning electron microscopy, and images acquired using
Scandium software (Olympus)

Liquid chromatography-mass spectrometry
Three biological replicates of MVs harvested from P. salmonis LF-89, NVI 5692 and NVI 5892
were diluted to 40 μg of total protein in PBS and the samples were centrifuged at 16,000 g for
20 minutes at 4°C (Centrifuge 5415R, Eppendorf, Hamburg, Germany) and the supernatant
discarded. Proteins were re-dissolved in 50 μL 6 M urea and 100 mM ammonium bicarbonate,
pH 7.8. For reduction and alkylation of cysteines, 2.5 μL of 200 mM DTT in 100 mM Tris-HCl,
pH 8 was added and the samples were incubated at 37°C for 1 hour followed by addition of
7.5 μL 200 mM iodoacetamide for 1 hour at room temperature in the dark. The alkylation reaction was quenched by adding 10 μL 200 mM DTT at 37°C for 1 hour. Subsequently, the proteins were digested with 10 μg trypsin (Promega, sequencing grade) overnight at 37°C. The
digestion was stopped by adding 5 μL 50% formic acid and the generated peptides were purified using a ZipTip C18 (Millipore, Billerica, MA, USA) according to the manufacturer’s
instructions, and dried using a Speed Vac concentrator (Concentrator Plus, Eppendorf, Hamburg, Germany). The tryptic peptides were analyzed using an Ultimate 3000 nano-UHPLC
system connected to a Q Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a nano electrospray ion source (S1 File). The MVs from NVI 5692 and
NVI 5892 were analyzed as routinely performed by the Australian Proteome Analysis Facility
(APAF) and MVs from LF-89 by the Proteomic unit at the University of Oslo.

Proteomic data analysis
Raw spectra files were converted into mgf format and processed using the global proteome
machine (GPM) software with version 2.2.1 of X!Tandem algorithm [59] and a nonredundant output file was generated for protein identifications with log (e) values less than -1. Peptide identification was determined using a 0.8 Da fragment ion tolerance. Protein sequences
extracted from the genome of LF-89 = ATCC VR-1361 [60] were used as the search database.
A database of reversed sequences was searched to determine the false discovery rate at protein level. The three protein identification output files from each biological replicate of peptide samples were combined together to produce a single merged output file for each strains
MV fraction. To ensure data quality, identified proteins were filtered based on two criteria:
reproducible identification across three replicates and a total spectral count of >6, making
the minimum number of peptides used to identify each protein an average value of 2 per
replicate [61]. The subcellular location and functions for each of the identified MV proteins
was predicted using PSORTb 3.0.2 [62] and their gene otology (GO) molecular function
derived from The UniProt database [63]. The proteins were also subject to in silico analysis
using VirulentPred, which predicts bacterial virulence proteins based on their sequences
information [64].
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Flow analysis of MVs in fish cells
Zebrafish were anesthetized in tricaine methanesulfonate (MS-222, Sigma-Aldrich). Kidney
and spleen were isolated as described [65]. Ten whole kidneys or spleens were pooled in 1 mL
media; Leibovitz L-15 medium (Gibco) supplemented with 2% fetal bovine serum (FBS), penicillin (10 μg/mL) and streptomycin (10 μg/mL). Single-cell suspensions were generated by gentle teasing of the tissue on a 40 μm cell strainer with a plunger from a 1 mL syringe, collected in
a 50 mL tube and rinsed twice with 1 mL media. The cells were cultivated in a concentration of
1x106 cells/mL in 24 well plates. The SHK-1 Salmo salar macrophage-like cell line (passage 58)
was maintained at 20°C in L-15 medium supplemented with 15% FBS in 25 cm2 flasks. For
the microscopy imaging to observe cytopathic effect at different time points, 3 x105 cells/mL
were cultivated in μ-slide IV (Ibidi) with 20 μg/mL of MVs. Cells were analyzed with a Nikon
inverted Microscope ECLIPSE TE300. The ability of kidney, spleen or SHK-1 cells to endocytose MVs in vitro was measured following methods described previously [66]. Briefly, 1 mL of
cells (1x106 cells) per sample was incubated for 1 hour at 20°C with 10 μg, 20 μg or 40 μg of
FITC-MVs. After the incubation with MVs, the cells were washed three times with ice-cold
phosphate buffered saline (PBS) and analyzed by flow cytometry using a Beckman Coulter
(GaLLios). At least 10.000 events were collected for each sample. Data were analyzed using
Kaluza software v.1.2 (Beckman Coulter) and macrophage/lymphocytes gated using Side scatter (SSC) (granularity) and Forward scatter (FSC) (size) parameters. Discrimination of aggregates from singlets was preformed using side scatter-W (SSC-W) versus side scatter (SSC) and
Hoechst stains were used for the separation of dead and live cells. The fluorescence of the FITC
conjugated MVs was measured before and after the addition of trypan blue (0,025% final concentration), to quench extracellular fluorescence. Incorporation of MVs-FITC was measured at
520 nm (FL1). The significant differences in percentage of MV uptake for each cell type was
calculated using a Two-way ANOVA, Tukey`s multiple comparison test.

Intraperitoneal injection of Piscirickettsia salmonis derived MVs in adult
zebrafish
The biological effect of MVs in vivo were assessed by using 10–11 months old male and female
Zebrafish Danio rerio wild type strain AB obtained from the model fish unit at the Norwegian
University of Life Science. The fish were acclimatized to room temperature (20 ± 2°C) two
weeks prior to the experimental setup. The fish were fed every morning with brine shrimp
(Scanbur AS, Nittedal, Norway) and SDS 400 Scientific Fish Food (Scanbur AS) in the afternoon. Experimental groups of 20 fish were anesthetized by immersion in water containing 100
mg/mL tricaine methanesulfonate (MS-222, Sigma Aldrich) buffered with bicarbonate to pH
7–7.5. The fishwere injected intraperitoneally (i.p.) with 20 μL of PBS, 1x108 colony forming
units (CFU) of LF-89, NVI 5692, NVI 5892 or a total of 40 μg MVs in PBS isolated from LF-89,
NVI 5692 and NVI 5892 respectively, by using a 27 g needle [40, 67]. After injection, the fish
were immediately returned to recovery tanks and kept in separate 6-liters polycarbonate tanks
(Pentair, USA), in which 50% of the water was manually changed daily. Fish that did not
resume normal behavior after the injections were removed from the experiment and euthanized with an overdose of 250 mg/mL tricaine methanesulfonate. The water was provided by
the model fish unit at the Norwegian University of Life Science and was supplemented with
0.55 g/L Instant Ocean sea salt, 0.053 g/L Sodium Bicarbonate and 0.015 g/L Calcium Chloride.
The tanks were housed in a water-system with a controlled temperature (20°C) and with a
cycle consisting of 14 hours of light and 10 hours of darkness. The fish were closely monitored,
and the animal’s health recorded twice a day. Moribund or fish that clearly showed deviant
behavior and clinical symptoms not consistent with good animal welfare (greatly reduced level
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of activity, response to environment and appetite), were euthanized as previously described.
Water parameters were monitored every third day using commercial test kits (TetraTest kit):
pH, NO2-, NO32-, NH3/NH4+ and water hardness. All zebrafish experiment was approved by
NARA (The Norwegian Animal Research Authority) and waste water decontaminated by chlorination and tested for sterility before disposal.

RNA isolation and quantitative real-time PCR
For RNA isolation, three randomly chosen fish from each experimental group were sacrificed
by an overdose of tricaine methanesulfonate (250 mg/mL) after 14 days, and kidney and spleen
harvested. The organs were kept in RNAlater (Ambion) and stored at 4°C until further processing. The tissue was homogenized in 600 μL with buffer RLT (supplemented in RNeasy Mini
Kit, QIAGEN) using a mortar and pestle (Sigma-Aldrich), followed by passing the lysate
through a blunt 20 gauge needle fitted to a small 1 mL syringe (BD). Total RNA was extracted
using the QIAGEN RNeasy kit according to the manufactures instructions, including a 15 minute on-column DNase treatment using an RNase-free DNase set (QIAGEN). The RNA was
diluted in 30 μL RNase-free H2O (QIAGEN). RNA quantity and quality was measured with a
Picodrop spectrophotometer. Reverse transcription reaction was performed by using High
Capacity RNA to cDNA kit (Applied Biosystems). Quantitative real-time PCR (RT-qPCR) was
carried out for each of the sampling points for a defined set of genes. These included major
histocompatibility complex II (MHC II), cluster of differentiation 40 (cd40), interferon gamma
(ifnč), tumor necrosis factor alpha (tnfċ), suppressors of cytokine signaling 3a and 3b (socs3a
and socs3b), macrophage expressed gene 1 (mpeg1), nucleotide binding and oligomerization
domain 1 and 2 (nod1 and nod2), and the six interleukins: il-1Č, il-6, il-8, il-10 and il-12a.
QuantiTec bioinformatically validated primers were obtained from QIAGEN (Hilden, Germany) for most of the genes used; the remaining primers were obtained from Life Technologies
Inc. (Carlsbad, CA, USA). Primers are listed in S1 Table. RT-qPCR was performed in triplicates
using a Lightcycler1 480 (Roche, Basel, Switzerland) as previously described [54]. 18S ribosomal RNA (18S) and Elongation factor-1 alpha (ef-1ċ) were used as reference genes for the
normalization of the relative transcription levels of each gene, and the normalized immune
response data of MV injected fish was standardized against the transcription levels of PBS
injected fish for each time point. The significance of difference in relative gene expression levels
between MV or bacterial challenges fish and PBS injected fish was calculated by a Student t test
assuming unequal variance.

Results and Discussion
Isolation and phenotypic characterization of Piscirickettsia salmonis
MVs
The P. salmonis derived MVs were observed on the surface of bacterial cells when exanimated
by scanning electron microscopy, demonstrating that vesicles may bud off from the bacterial
membrane during growth in liquid medium (Fig 1A). All three strains of P. salmonis, LF-89,
NVI 5692 and NVI 5892 produced small spherical MVs when grown to late exponential-phase
in EBFC medium. In vitro growth has previously been obtained for P. salmonis up to an optical
density of OD620 = 1.8 in AUSTRAL-SRS medium [68] and OD600 = 2 in BM1 [69]. For NVI
5692 and NVI 5892 the late exponential to stationary growth-phase is reached at an optical
density of OD60 0 = 10–12 with a measured CFU ~5x109 in EBFC (Fig 1B). LF-89 expressed
a reduced growth pattern in comparison to the other strains, reaching its late exponential to
stationary growth-phase at an optical density of OD600 = 4–5 with CFU measured to ~2x109
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Fig 1. Identification and isolation of membrane vesicles isolated from Piscirickettsia salmonis. (A)
Bacterial cultures of P. salmonis NVI 5692 grown in EBFC is viewed by scanning election microscopy.
Arrows indicate MVs secreted from the bacterial cells. (B) Growth curves of P. salmonis in EBFC medium,
square show time point for isolation of MV (n = 3).
doi:10.1371/journal.pone.0165099.g001

(Fig 1B). Thus, the EBFC medium enhances the optimal growth of the three P. salmonis isolates
up to six fold from previously published media. The three strains do, however express a divergent growth pattern in EBFC reaching different optical densities within the same period, which
could potentially affect the MV production, lipid content and protein composition. As NVI
5692 and NVI 5892 reach their exponential-phase between OD600 = 10–12, the two strains will
have a higher cell density prior to the isolation compared to LF-89, thus the bacterial cultures
were diluted to an equal cell number before harvesting the vesicles [70]. Alternatively, MVs
could be harvested from NVI 5692 and NVI 5892 at an optical density of OD600 = 4–5, but the
cultures would then not have been in late exponential-phase in contrast to LF-89. MVs isolated
from P. aeruginosa grown in both cultures has been reported to display differences in both
lipid and protein composition when harvested from exponential and stationary phase. These
data indicate that the MV properties could be growth phase dependent [71]. Furthermore, as
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the different stages of bacterial growth has been reported to affect protein expression in general
[72–73], harvesting MVs from cultures in an equal growth phase is preferable over a variation
in cell density.
Examination of the MVs isolated from EBFC medium by transmission electron microscopy
and dynamic light scattering revealed a phenotypical similarity between the three strains of P.
salmonis, analogues in both size and distribution (Fig 2). MVs from all three strains were also
dominated by double membrane vesicles (S1 Fig), indicating that the MVs contain both an
plasma and outer membrane, similar to what has been described for other Gram-negative bacteria [3]. Vesicles isolated from LF-89 had a higher tendency to form clusters of MVs compared
to NVI 5692 and NVI 5892, however, some collections of vesicles were observed for all strains.
Both image analysis using the iTEM software and Dynamic light scattering was used to determine the size distribution for the MVs between the three stains of P. salmonis. All strains were
shown to have MVs ranging from 10–220 nm in size, with an average between 80–100 nm (Fig
2), similar to what has been reported for other bacterial species [5, 74–75]. The isolated vesicles
from all three strains of P. salmonis were also compared to their outer membrane fractions by
SDS-PAGE and coomassie blue staining (S2 Fig). Although not directly quantitative, coomassie
blue staining is useful to examine differences in protein composition between samples. For all
three strains of P. salmonis the vesicles resembled, but were not identical to the membrane fractions. This indicates that the vesicles are purified fractions and not membranes from lysed bacterium; however, the presence of non-MV associated material cannot be completely excluded.

Identification of MV proteins from Piscirickettsia salmonis and their
predicted subcellular distribution
The total number of proteins identified from liquid chromatography-mass spectrometry (MS)
of P. salmonis derived MVs identified 119 (FDR 0.18%) different proteins in vesicles isolated
from LF-89, 159 (FDR 0.16%) from NVI 5692 and 142 (FDR 0.16%) from NVI 5892 (S2–S4
Tables). However, as the genomes of NVI 5692 and NVI 5892 have not been sequenced, the
identified proteins by MS are based on the genome of LF-89 for all three strains, limiting the
protein identification. The PSORTb 3.0.2 identified the potential subcellular localization of
98%, 79% and 70% of the P. salmonis MV proteins identified for LF-89, NVI 5692 and NVI
5892, respectively. The majority of the identified proteins (~ 60%) in MVs isolated from P. salmonis were predicted to be cytoplasmic proteins (Fig 3A). The high number of cytoplasmic
proteins is most likely do to the presences of a double membrane in the majority of the MVs
(S1 Fig). As the formation of double membrane vesicles are characterized by a disruption of
both the plasma and outer membrane, high amounts of cytoplasmic proteins have been shown
to be packed into the MVs [3]. We cannot, however, fully exclude the presence of cytoplasmic
contaminants in the samples, which could contribute to a higher number of proteins been
identified as cytoplasmic. The presence of several cytoplasmic proteins have, nonetheless, been
identified in proteomic studies of several bacterial derived MVs [5, 9, 76–77], and it has been
suggested that some of these proteins could be sorted into the vesicles during the MV formation [2, 78–79]. This may implicate that the MV production is specific and not a random event,
allowing for selective incorporation of proteins into the vesicles. Compared to the hypothetical
proteome of P. salmonis LF-89 (ATCC VR 1361) (S3 Fig), the cytoplasmic proteins were downregulated in the vesicles, while outer membrane proteins were enriched. An enrichment of
outer membrane proteins in bacterial derived vesicles has been described for several other
Gram-negative bacteria including Vibrio cholerae [80], Neisseria meningitides [81] and Mycobacterium tuberculosis [77]. An escalation of outer membrane proteins in the P. salmonis
derived MVs, may therefore play an important role in the biological function of the vesicles, as

PLOS ONE | DOI:10.1371/journal.pone.0165099 October 20, 2016

9 / 27

Comparative Proteomics of OMV Isolated from P. salmonis

Fig 2. Size distribution and imaging analysis of Piscirickettsia salmonis membrane vesicles. Vesicle
size and range analyzed by dynamic light scattering (left panels) (n = 3) and electron transmission
microscopy imaging (right panels) of MVs isolated from LF-89, NVI 5692 and NVI 5892. Bar size, 200 nm.
doi:10.1371/journal.pone.0165099.g002

membrane proteins often function as an interface between the pathogen and its host. An indepth analysis of the MV proteins revealed a strain-specific difference, were the highest similarity were observed between the vesicles from NVI 5692 and NVI 5892 (Fig 3B). Strain-specific variations of MV content has been reported for Haemophilus influenza, revealing that
certain outer membrane proteins were enriched or excluded in MVs from different isolates
[82]. A variation between the three isolates is therefore not unique for P. salmonis, however,
why the LF-89 derived MVs differentiates from the Norwegian and Canadian strain has yet to
be revealed.

Functional classification of proteins identified in Piscirickettsia salmonis
MVs
The identified MV proteins were further categorized based on their predicted functions, where
limited differences were identified between the MVs from the three stains of P. salmonis. Both
proteins involved in translation/transcription and catalytic activity were abundant in all the
samples (Fig 3C). Proteomic profiling during different stages of bacterial growth has shown
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Fig 3. Proteomic characterizations of Piscirickettsia salmonis membrane vesicles. The identified
proteins in the MVs were grouped into families according to their (A) predicted subcellular localization and
(C) putative function. (B) Venn diagram comparing MV proteins from three different strains of P. salmonis.
doi:10.1371/journal.pone.0165099.g003
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that proteins involved in DNA and RNA synthesis are upregulated during the log-phase [72–
73, 83]. A study of the Acinetobacter baumannii proteome has shown that several translationrelated proteins are upregulated during both exponential and early stationary phase. These
include 50S ribosomal protein L3, L5, L6, 30S ribosomal protein S2, S8 and elongation factor G
and Tu [84]. Therefore, proteins involved in transcription and translation may naturally be
packed into the vesicles, as these are upregulated by the bacterium during early growth stages.
A differentiation in protein levels has been observed for MVs harvested from Salmonella enterica grown in different medium. MVs isolated from S. enterica grown in LB medium were
reported to have higher number of translation/transcription proteins compared to S. enterica
grown in acidic MgM media. The MgM cultures on the other hand, had a higher abundance of
proteins involved in transporter activity [85]. Thus, the bacterial growth conditions could have
an impact on the vesicles protein composition. However, growth phase dependent packing of
P. salmonis MVs was not performed in the present work and will be interesting to investigate
in future studies.
In addition to a high abundance of translation/transcription proteins in the P. salmonis
MVs, approximately one fourth of all the proteins were assigned a catalytic activity. The identification of catalytic proteins in MVs is reported in several species [4, 14, 86] and the packing of
active enzymes into MVs is proposed to have an important role in virulence. This can be exemplified by studies of Pseudomonas aeruginosa derived MVs, which, has been shown to contain
active chromosomally encoded Č-lactamase [87]. Č-lactamases are enzymes that deactivate Člactam antibiotics like penicillin and cephamycins by interruption of the Č-lactam ring and
thus its activity, providing bacterial resistance against antibiotic treatment [88]. Furthermore,
P. aeruginosa has been reported to upregulate its production of MVs in the presence of antibiotics [86]. Therefore, the presence of enzymatic proteins within MVs may provide increased
survival and resistance during infections. Proteins displaying catalytic activity have also been
reported in non-virulent bacteria, including Bacteroides fragilis and Bacteroides thetaiotaomicron, members of the human microbiota. Both B. fragilis and B. theaiotaomicron derived MVs
were reported to display sugar-hydrolyzing activity [89]. The catalytic activities of the P. salmonis derived MVs were not determined in this study, but based on the bioinformatics analysis
the vesicles harbor a variety of enzymes.

Identification of strain-specific MV proteins and their relation to virulence
and adaptation
The full protein content of all three strains of P. salmonis derived MVs is listed in the S2–S4
Tables, while the 20 most abundant proteins identified by mass spectrometry analysis are
shown in Table 1. As the proteomic analysis of the MVs was performed on a collection of vesicles, rather than a single MV, the 20 most abundant proteins are most likely presents in multiple MVs, due to the high number of total mass spectra assigned to the individual proteins. Of
the 20 most abundant proteins, six proteins are common for all the strains, while ten proteins
overlap between NVI 5692 and NVI 5892. These data illustrate a higher similarity between the
Norwegian and Canadian strains compared to the Chilean. When taking the total proteomic
profile of the strains-specific vesicles into account, similar findings were identified. 42 proteins
were identified only in the vesicles derived from LF-89, in contrast to 32 in NVI 5692 and 17 in
NVI 5892 (Fig 3B). To which degree these individual differences in protein content affects the
vesicles biological role is not known, but they might contribute to a differentiation in virulence
and adaptation for the three strains of P. salmonis. NVI 5692 and NVI 5892 are both isolated
from Atlantic salmon from the northern Atlantic Ocean in Norway and Canada respectively,
while LF-89 isolated from Coho salmon form the South Pacific Ocean in the south of Chile.
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Table 1. Top 20 proteins most commonly identified by label-free shotgun proteomics in Piscirickettsia salmonis membrane vesicles.
LF-89
Identiﬁed protein

NVI 5692

NVI 592

Total number
of spectra

Identiﬁed protein

Total number
of spectra

Identiﬁed protein

Total number
of spectra

Outer membrane family
protein

81

Putative uncharacterized protein*

144

Putative uncharacterized protein*

171

DNA-directed RNA
polymerase subunit beta

79

Putative uncharacterized protein**

136

Peptidyl-prolyl cis-trans
isomerase**

140

Bacterial DNA-binding family
protein*

72

Prolyl oligopeptidase family
protein**

133

Outer membrane beta-barrel
domain protein**

104

Chaperone protein DnaK*

63

Type I secretion outer membrane
TolC family protein**

89

Outer membrane protein assembly
factor BamA**

89

60kDa chaperonin GroEL

58

SH3 domain of the SH3b1 type
family protein*

86

Prolyl oligopeptidase family
protein**

83

30s ribosomal protein S1*

44

Conjugal transfer/type IV secretion
DotA/TraY family protein**

81

Type I secretion outer membrane,
TolC family protein**

82

SH3 domain of the SH3b1
type family protein*

44

Outer membrane beta-barrel
domain protein**

81

Outer membrane family protein

79

ATP synthase subunit beta

40

Outer membrane protein assembly
factor BamA**

72

Chaperone protein DnaK*

74

Succinyl-CoA synthetase
subunit beta

37

30s ribosomal protein S1*

69

SH3 domain of the SH3b1 type
family protein*

72

Adenylosuccinate synthetase

35

Peptidyl-prolyl cis-trans
isomerase**

65

Conjugal transfer family protein**

71

50S ribosomal protein L2*

35

Bacterial DNA-binding family
protein*

65

OmpA family protein

68

Pyruvate dehydrogenase E1
component

35

50S ribosomal protein L2*

64

Outer membrane protein assembly
factor BamD**

64

Translation elongation factor
Tu

32

Outer membrane protein assembly
factor BamD**

63

Bacterial DNA-binding family
protein*

62

ATP synthase subunit alpha

31

Chaperone protein HtpG

60

Conjugal transfer/type IV secretion
DotA/TraY family protein**

61

30S ribosomal protein S10

31

Conjugal transfer family protein**

60

Glycerophosphoryl diester
phosphodiesterase family
protein**

57

Acetyl-CoA carboxylase,
biotin carboxylase subunit

30

NAD-speciﬁc glutamate
dehydrogenase

59

50S ribosomal protein L2*

57

GTP-binding protein TypA/
BipA

30

ATP synthase subunit alpha

57

30s ribosomal protein S1*

55

Adenylosuccinate lyase

30

Chaperone protein DnaK *

57

Putative uncharacterized protein

52

Putative uncharacterized
protein*

29

Glycerophosphoryl diester
phosphodiesterase family
protein**

56

ostA-like family protein

48

Glutamine synthetase

28

Succinyl-CoA synthetase subunit
beta

50

DSBA-like thioredoxin domain
protein

46

*Proteins identiﬁed in MVs from all three strains of P. salmonis
**Proteins identiﬁed in MVs from P. salmonis strains NVI 5692 and NVI 5892
doi:10.1371/journal.pone.0165099.t001

Strains of P. salmonis found in the south of Chile, including LF-89, are reported to cause a high
mortality rate in salmonids, with an accumulating mortality reaching almost 90% [90–91].
Outbreaks of P. salmonis in Norway and Canada have been, in contrast to Chile, less severe.
Out of 14 fish farms in Norway affected during 1988–1992, only 35% of the fish displayed multiple symptoms of SRS. The mortality rate has also been, as in Canada, subsequently lower,
ranging from 2–30% [92–93]. The reason for the higher severity of P. salmonis outbreaks in
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Chile compared to other graphical areas is yet to be revealed. Different strains of P. salmonis
have been shown to be closely related independently of their geographical distribution, as 16S
and intergenic spacer ITS-1 sequencing of different isolates has shown that strains from both
Chile, Norway and Canada has a high phylogenetic similarity [94–96]. Other factors, including
environmental and geographical variations, might therefore contribute to a variation in virulence among the different strains of P. salmonis.
Nonetheless, the three strains have several proteins in common, and many of these proteins
are highly represented in the vesicles of all three isolates. This indicates that MVs can have similar functions although isolated from three geographically disperse strains of P. salmonis. To
evaluate the potential virulence of the P. salmonis derived MVs, the vesicles were subjected to
in silico analysis using VirulentPred, to predict putative virulence factors [64]. Based on the
VirulentPred analysis, almost 50% of the MV proteins were predicted to be associated with
virulence in all three strains (results not shown). Some of these proteins were in addition
among the most commonly identified protein by the proteomic analysis, which includes TolC,
GroEL and DnaK (Table 1). TolC is involved in multidrug resistance and has previously been
described as an virulence factor in the human pathogen Francisella tularensis [97]. Deletion of
the TolC orthologue in F. tularensis did exhibit a significant reduction of virulence in mice,
suggesting that TolC is involved in the bacterial pathogenesis of F. tularensis [97]. TolC has
also been reported to be important for environmental adaptation, protein secretion and drug
resistance in several Gram-negative bacteria [98]. The identification of TolC in P. salmonis
derived MVs may reflect their presence in the bacterial membrane, although it is not known if
the proteins play an active role in the bacterial vesicles. While TolC is identified as the top six
most abundant proteins in NVI 5692 and NVI 5892, it does not reach the top 20 list in the LF89 strain (Table 1).
Certain proteins do not need to be active to have a biological role. This can be exemplified
for chaperone proteins, including GroEL and DnaK, which initially prevents protein aggregation by either refolding or degrading misfolded proteins [99]. Both of these proteins has been
shown to be highly immunogenic independently of their function [100], and reported to
induce the expression and release of the pro-inflammatory cytokines IL-6 and tumor necrosis
factor alpha (TNFċ) in human monocytes, both individually and in combination [101–102].
Treatment of HUVEC cells with Escherichia coli derived GroEL and DnaK has further been
shown to upregulate the release of intercellular adhesion molecule-1 (ICAM-1), and vascular
cell adhesion molecule-1 (VCAM-1), important for the recruiting of leucocytes, in addition to
IL-6 in a dose dependent manner [101]. Thus, the high abundance of GroEL and DnaK in P.
salmonis derived MVs might contribute to an increased immunogenic effect of the vesicles.

Dose-dependent internalization of MVs by in vitro cell cultures
To investigate the biological role of the P. salmonis derived MVs, the vesicles interactions with
both commercial and primary cell cultures were assessed by microscopic examination and flow
cytometry. As the appearance of a cytopathic effect (CPE) has previously been used to evaluate
the susceptibility of cell lines to P. salmonis [42, 103], the CPE after exposure to MVs was evaluated using a salmon head-kidney cell line (SHK-1) (Fig 4A). A 20 μg/mL concentration of P.
salmonis derived vesicles was added to SHK-1 cultures, and the CPE was observed after 48
hours by the formation of round vacuoles within the cell (Fig 4A). P. salmonis have previously
been reported to infect SHK-1 cells [104], and the CPE induced by vesicles isolated from
P. salmonis might therefore indicate a virulent effect of the MVs. Cellular damage caused by
bacterial vesicles has been reported in a variety of cell lines as exemplified by RAW264.7,
THP-1, and HL60 cells treated with MVs from Acinetobacter baumanii, Aggregatibacter
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Fig 4. Internalization and effect of membrane vesicles isolated from Piscirickettsia salmonis in fish cells. (A) Cytopathic effect of 20 ȝg/mL MVs
in SHK-1 cells. The cytopathic effect is characterized by the production of rounded vacuoles (arrow). Bar size, 100 ȝm. (B) The effect of three different
MV concentrations (10, 20 and 40 ȝg/mL) on internalization in SHK-1 cells and kidney and spleen primary leukocytes isolated from adult zebrafish
assessed by flow cytometry (n = 3). Results are presented as mean ± SD. Asterisks indicate statistical significances between the different concentrations
of MVs within each cell type (Two-way ANOVA, Tukey‘s multiple comparison test). P value: **** < 0.0001; *** < 0.001; ** < 0.01; * < 0.1.
doi:10.1371/journal.pone.0165099.g004

actinomycetemcomitans and Actinobacillus actinomycetem- comitans, respectively [26, 76, 78].
The secretion of MVs has also been observed from the fish pathogen Francisella noatunensis
subsp noatunensis during infections in primary cod leukocytes and within zebrafish embryos
[40, 105].
The interaction between P. salmonis derived MVs and cultured cells were further evaluated
using flow cytometric analysis in combination with FITC-labeled vesicles. A concentration of
10 μg/mL of FITC conjugated MVs from all three strains of P. salmonis were shown to be internalized by both kidney and spleen primary leukocytes isolated from adult zebrafish (S4 Fig).
To investigate the dose-response in the incorporation of MVs two additional doses of FITC
conjugated MVs (20 and 40 μg/mL) from all three bacterium were incubated with primary culture or SHK-1, and the incorporation analyzed by flow cytometry. Increasing concentrations of
vesicles resulted in a linear enrichment of MVs association with zebrafish primary cells and in
SHK-1 cells (Fig 4B). Vesicles isolated from LF-89 were shown to display a significantly higher
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degree of association with primary zebrafish kidney leukocytes compared to SHK-1 cells and
primary zebrafish spleen leukocytes (p<0.001). NVI 5692 and NVI 5892 derived MVs displayed a similar internalization in all three cell types (Fig 4B).
A dose-dependent uptake of MVs has previously been described for Brucella abortus [56].
Moreover, B. abortus derived vesicles has been reported to modulate the innate immune
response in human epithelial and monocytes cells, as well as increasing the adherence and
internalization of B. abortus in vitro [56]. In general, the cellular process for internalization of
MVs is not known, but studies with B. abortus and H. pylori has shown a potential uptake of
MVs by the clathrin-mediated endocytosis, the main pathway for receptor-mediated endocytosis in most eukaryotic cells [56, 106–107]. A similar infection strategy has been suggested for P.
salmonis, indicating that the utilization of macrophages is dependent upon the interaction with
host-cell clathrin and actin [108]. The capability to exploit host cells for survival by manipulating cellular processes by protein secretion and specific effectors has been described for a range
of pathogens [109]. E.g. membrane vesicles isolated from Legionella pneumophila inhibit the
fusion of phagosomes with lysosomes in primary mouse macrophages [110]. Therefore, P. salmonis could potentially utilize the MV secretion as a survival strategy to replicate within macrophages. Both the primary and commercial cell lines revealed a higher association with LF-89
derived MVs in contrast to NVI 5692 and NVI 5892 in this study. This suggests that MVs
might promote bacterial survival within macrophages, which could explain the higher virulence reported for the Chilean strain. Thus, bacterial release of MVs within the host may
contribute to the utilization of host cells and modulations of the immune system during an
infection. To which degree MVs are released during SRS outbreaks has yet to be investigated
but was recently shown in CHSE-cells [52].

Studies of Piscirickettsia salmonis derived vesicles in adult zebrafish
To study the potential effect of MVs in vivo, adult zebrafish were injected with MVs from the
three strains of P. salmonis. In recent years, zebrafish has proven to be a unique model for the
study of leukocytes subset, immune cell migration and host-pathogen interaction [111]. The
effects of MVs have previously only been described for F. noatunensis in a zebrafish model
[40], with no observed cytotoxic effects. For zebrafish injected with 40 μg MVs from NVI 5692
and NVI 5892, no behavioral alterations were observed over two weeks compared to the PBS
control group (Fig 5). Interestingly, fish injected with MVs from LF-89 presented a reduction
in activity and approximately three days post injection mortalities were detected. A rapid
decrease in accumulative survival up to 50% were registered for the LF-89 MV group during
the first seven days, indicating an initial acute phase, which stabilized by day 9 (Fig 5). In the
NVI 5692 and NVI 5892 MV group, less than 10% mortalities were registered, most likely due
to complications from the injections, as they occurred shortly after the procedure. Kidney and
spleen samples were harvested two weeks post-injection to evaluate the MVs immunogenic
effect in the fish. Of the genes analyzed no significant up or down regulation were detected for
il-6, il-10, il-12a, socs3a, mpeg1, cd40, nod1 and nod2. This could mean that the MVs do not
affect the selected genes, or that it occurs at an earlier time point. An increased expression of
immune genes was, however observed for il-1Č, il-8, tnfċ, infč, socs3b and MHC II in all three
groups injected with P. salmonis derived MVs (Fig 6). The gene expression profile for the fish
challenged with MVs were in most cases similar to the ones challenged with live bacteria, indicating that the vesicles mimic their mother cells. Several pathogens, including the intracellular
ones, modify the suppressor of cytokine signaling (Socs) to inhibit the host’s ability to clear an
infection [112]. Thus, the effect of MVs on the socs3b gene expression was investigated, showing a significant increased expression. Such alterations of the cytokine secretion is a common
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Fig 5. Adult zebrafish challenged with membrane vesicles isolated from Piscirickettsia salmonis.
Cumulative survival of adult zebrafish injected with 40 ȝg of MVs isolated from the three different strains of P.
salmonis (LF-89, NVI 5692 and NVI 5892) or PBS (n = 20).
doi:10.1371/journal.pone.0165099.g005

modification initiated by several intracellular pathogens, enabling prolonged utilization of
macrophages, by downregulating the host’s defense mechanisms [113]. To what degree the P.
salmonis derived MVs can modulate the cytokine expression has not previously been explored.
However, as socs3b in combination with several other immune related genes were upregulate
after exposure to MVs, the P. salmonis derived vesicles might display immunogenic abilities.
However, further studies including sampling at earlier time points are needed to fully evaluate
the potential immunogenic effect of the vesicles.
These immunogenic abilities are, nonetheless, partly the reason why MVs over the last
decades have been explored and successfully used as vaccine components [1, 36]. Thus, several
pro-inflammatory genes were investigated and shown to be significantly upregulated in zebrafish injected with the P. salmonis derived vesicles, including il-1Č, il-8, tnfċ and infč. The
inflammatory cascade of an infection begins with receptors involved in the binding and uptake
of infectious agents and their products by cells of the innate immune system. This is then followed by the production of pro-inflammatory cytokines, such as TNFċ, IL-1, IL-8 and IFNč
[114]. In the present work, we show that P. salmonis derived MVs are able to upregulated
genes involved in an inflammatory response, as well as genes related to antigen representing
cells, (MHC II) in an adult zebrafish model. Interestingly, the MHC II genes were significantly
upregulated in fish injected with MVs compared to fish injected with live bacteria (p<0.05).
However, as P. salmonis is an intracellular bacteria utilizing macrophages as a part of its infection strategy, a low MHC II expression might be expected [115]. On the other hand, the MVs
do not replicate within a host, and might therefore be taken up and degraded by antigen representing cells, increasing the MHC II expression, which also makes them interesting as potential
vaccine components. Several of the genes investigated have been reported to be upregulated at
early time points post vaccination in salmon [116–117]. Olive flounder injected with E. tarda
derived vesicles has been reported to display immunogenic alterations due to MV exposure,
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Fig 6. Immune gene transcription of adult zebrafish challenged with P. salmonis and isolated membrane vesicles analyzed by RT-qPCR.
Immune gene expression of kidney and spleen, isolated 14 days post injection with either 40 ȝg MVs isolated from three different strains of P.
salmonis or 1x107 CFU of the same bacteria strains (LF-89, NVI 5692 and NVI 5892). Results are presented as mean +/- SD. Asterisk indicate
significantly upregulated genes compared to the PBS control p<0.05, two tailed unpaired Student’s t-test (n = 3).
doi:10.1371/journal.pone.0165099.g006

including upregulation of il-1Č and il-6 detected in kidney samples at 3 hours post challenge
and maintained up to 5 days [38]. Similar results are found for Japanese flounder immunized
with vesicles isolated from Vibrio anguillarum, where they observed, an increased production
of pro-inflammatory cytokines, including tnfċ, il-1Č and il-6, during the first 48 hours [118].
Furthermore, when MVs isolated from E. tarda was tested as a vaccine candidate towards
edwardsiellosis, it provided an equal level of protection as Formalin-killed E. tarda cells [38].
An activation of the innate immune system, including upregulation of pro-inflammatory cytokines, plays an important role in the adaptive immune response by attracting the antigen presenting cells [119]. Thus, the up-regulation of immune-related genes detected in this study,
might indicate a potential activation of the host’s immune system initiated by the MVs.
Whether this activation is mediated by i.e. toll-like receptors (TLRs) or not, is not known.
Considering the composition of MVs, containing several molecules and proteins identified as
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pathogen associated molecular pattern (PAMPS) including LPS, carbohydrates, heat-shock
proteins (HSPs) and nuclei sequence motifs suggest the participation of TLRs as a bridge
between innate and adaptive immunity, making P. salmonis MVs interesting as a vaccine candidate. As mortalities were observed for fish immunized with vesicles isolated from LF-89, further dose-response studies are needed to evaluate the vesicles long-term effect. However, as an
effect was observed both in vivo as well as in vitro by the P. salmonis derived MVs, the vesicles
could be an integral part of the bacterium’s pathogenesis as suggested by others [52]. It could
be argued that mortalities observed in the zebrafish when exposed LF-89 derived MVs compared to the two other strains are caused by differences in the LPS. LPS isolated from E. coli has
been shown to have a limited effect in adult zebrafish [120], but an immunogenic response has
been observed in zebrafish larva exposed to E. coli and P. aeruginosa LPS [121–122]. There is,
however, still a lack of knowledge regarding the immunogenic effect of LPS from fish pathogens, and studies of P. salmonis derived LPS would be interesting to follow up in future studies.

Conclusion
The present study is the first investigation of MV proteomes from bacterial species isolated
from a wide geographical area. It is also the first in-depth analysis of MVs from multiple P. salmonis isolates. We show that MVs derived from LF-89, a high-virulent strain isolated from
Chile, differs compared to the MVs of a Norwegian and Canadian strain, isolated from low
infection-associated areas. According to the number of shared proteins in the MVs, we can
identify two cluster, one that include NVI 5692 and NVI 5892 derived vesicles and a second
one including LF-89 MVs. In general, these results illustrate that the MVs proteome analyzed
from one bacterial strain is not representative of all bacterial strains within the same species.
Furthermore, our findings also demonstrate that P. salmonis derived MVs are able to associate
within both primary and commercial fish cells suggesting a potential role with fish immune
cells. The use of zebrafish as a model for studies of MVs allowed us to investigate toxicity and
the immunogenic effects upon injection with the bacterial derived vesicles indicating that the
P. salmonis derived MVs are able to modulate the host’s immune response. These data indicates that the P. salmonis derived MVs could be important for the bacterium’s virulence, which
also make them relevant as potential vaccine candidate against SRS.
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Corrigendum to «Comparative Analysis of Membrane Vesicles from Three Piscirickettsia
salmonis Isolates Reveals Differences in Vesicle Characteristics»
Tandberg JI, Lagos LX, Langlete P, Berger E, Rishovd AL, Roos N, Varkey D, Paulsen IT,
Winther-Larsen HC.

The gene names in Table S1 is incorrect, the correct gene name is given below.
Gene name

Gene symbol

eukaryotic translation elongation factor 1 alpha 1, like 1

eef1a1l1

zgc:158463

zgc:158463

interleukin 1, beta

il1b

interleukin 6 (interferon, beta 2)

il6

chemokine (C-X-C motif) ligand 8a

cxcl8a

interleukin 10

il10

interleukin 12a

il12a

tumor necrosis factor a (TNF superfamily, member 2)

tnfa

interferon, gamma 1-2

Ifng1-2

suppressor of cytokine signaling 3b

socs3b

suppressor of cytokine signaling 3a

socs3a

macrophage expressed 1, tandem duplicate 1

mpeg1.1

CD40 molecule, TNF receptor superfamily member 5

cd40

zgc:10370

zgc:10370

nucleotide-binding oligomerization domain containing 1

nod1

nucleotide-binding oligomerization domain containing 2

nod2

Supplementary data – Paper I

S1 File. Liquid chromatography-mass spectrometry (LC-MS)

The tryptic peptides were analyzed using an Ultimate 3000 nano-UHPLC system connected to
a Q Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with
a nano electrospray ion source. For liquid chromatography separation, an Acclaim PepMap
100 column (C18, 3 μm beads, 100 Å, 75 μm inner diameter, 50 cm length) (Dionex,
Sunnyvale CA, USA) was used. A flow rate of 300 nL/min was employed with a solvent
gradient of 4-35% B in 207 min, to 50% B in 20 min and then to 80% B in 2 min. Solvent A
was 0.1% formic acid and solvent B was 0.1% formic acid/90% acetonitrile.

The mass spectrometer was operated in the data-dependent mode to automatically switch
between MS and MS/MS acquisition. Survey full scan MS spectra (from m/z 300 to 2,000)
were acquired with the resolution R = 70,000 at m/z 200, after accumulation to a target of 1e6.
The maximum allowed ion accumulation times were 60 ms. The method used allowed
sequential isolation of up to the ten most intense ions, depending on signal intensity (intensity
threshold 1.7e4), for fragmentation using higher collision induced dissociation (HCD) at a
target value of 10,000 charges and a resolution R = 17,500 Target ions already selected for
MS/MS were dynamically excluded for 60 sec. The isolation window was m/z = 2 without
offset. The maximum allowed ion accumulation for the MS/MS spectrum was 60 ms. For
accurate mass measurements, the lock mass option was enabled in MS mode.

S1 Table. Primers used for RT-qPCR in this study
Gene name

Gene
symbol

Forward primer

Reverse primer

Produc
t size

Accession
number

Reference

Eukaryotic translation
elongation factor 1
alpha 1, like 1

eef1α111

CTT CTC AGG CTG
ACT GTG C

CCG CTA GCA TTA
CCC TCC

358 bp

NM_131263.1

[1]

18S rRNA

zgc:158463

GCC TGC GGC
TTA ATT TGA CT

ACC ACC CAC AGA
ATC GAG AAA

98 bp

NM_001098396

[2]

interleukin 1, beta

il-1β

111 bp

NM_212844

QIAGEN Cat #
QT02063565

interleukin 6

il-6

73 bp

NM_001114318

[3]

interleukin 8

il-8

QuantiTect Primer Assay Dr_il8_1_SG

147 bp

XM_001342570

QIAGEN Cat #
QT02108190

interleukin 10

il-10

QuantiTect Primer Assay Dr_il10_1_SG

144 bp

NM_001020785

QIAGEN Cat #
QT02063922

interleukin 12a

il-12a

QuantiTect Primer Assay Dr_il12a_1_SG

94 bp

NM_001007107

QIAGEN Cat #
QT02085300

tumor necrosis factor
a

tnfa

QuantiTect Primer Assay Dr_tnfa_1_SG

81 bp

NM_212859

QIAGEN Cat #
QT02097655

interferon, gamma 12

ifng1-2

QuantiTect Primer Assay Dr_ifng1-2_1_SG

89 bp

NM_212864

QIAGEN Cat #
QT02064328

suppressor of
cytokine signaling 3b

socs3b

QuantiTect Primer Assay Dr_socs3b_1_SG

123 bp

NM_213304

QIAGEN Cat #
QT02068724

suppressor of
cytokine signaling 3a

socs3a

QuantiTect Primer Assay Dr_socs3a_1_SG

97 bp

NM_199950

QIAGEN Cat #
QT02056488

macrophage
expressed 1

mpeg1

TAC AGC ACG
GGT TCA AGT
CCG T

ACT TGT GAT GAC
ATG GGT GCC G

187 bp

NM_212737

[4]

TNF receptor
superfamily member
5

cd40

AGA GTT GCC
GTT AAA GGT TC

TTC TCC GTA CTC
ACA TTT GG

123 bp

NM_001145246

[5]

major
histocompatibility
complex class II

MHC II

TGA CTC AAC TGT
CCG TGA TA

CCA TTA GCC ATC
TCC ATA GTG

195 bp

NM_001005943

[6]

Nucleotide binding
and oligomerization
domain 1

nod1

QuantiTect Primer Assay Dr_nod2_1_SG

64 bp

XM_692832

QIAGEN Cat #
QT02209270

Nucleotide binding
and oligomerization
domain 2

nod2

QuantiTect Primer Assay
Dr_LOC570770_1_SG

99 bp

XM_694287

QIAGEN Cat #
QT02219875

QuantiTect Primer Assay Dr_il1b_1_SG
TCA ACT TCT CCA
GCG TGA TG

TCT TTC CCT CTT
TTC CTC CTG
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S1 Fig. Image analysis of membrane vesicles from Piscirickettsia salmonis. Electron
microscopy image analysis, exemplified by NVI 5692, showing the presences of both single
membrane vesicles (OMV) consisting of an outer membrane (OM), and double membrane
vesicles (I-OMV) containing a periplasmic membrane (PM) and an outer membrane.

S2 Fig. Comparison of isolated membrane fraction and membrane vesicles from
Piscirickettsia salmonis. Membrane fractions (M) and membrane vesicles (MV) (20 μg)
isolated from three strains of P. salmonis, NVI 5692, NVI 5892 and LF-89 were applied to 12%
SDS-PAGE and stained with coomassie blue

S3 Fig. Cellular localization of the theoretical proteome of LF-89. Pie chart showing the
cellular localization for the theoretical proteome of P. salmonis LF-89 (ATCC VR 1361).

S4 Fig. Cellular incorporation of membrane vesicles isolated from Piscirickettsia
salmonis. Percentage of of SHK-1, Atlantic salmon cell line, spleen and kidney primary cells
isolated from adult zebrafish able to incorporate 10μg/mL of FITC conjugated membrane
vesicles isolated from P. salmonis strains LF-89, NVI 5692 and NVI 5892 as assessed by flow
cytometry (n=3).

Table S2. Proteins identified in Piscirickettsia salmonis LF-89 MVs analyzed by
mass spectrometry

Proteins Identified in Piscirickettsia salmonis strain LF-89 MVs
Protein

Total
number
of
spectra

Protein
product

Gene locus

Predicted
subcellular
location

Putative function

Outer membrane family
protein
DNA-directed RNA
polymerase subunit beta
Bacterial DNA-binding family
protein
Chaperone protein DnaK
60kDa chaperonin GroEL

81

ERL63478.1

K661_00143

Unknown

Unknown

79

ERL63118.1

K661_00502

Cytoplasmic

72

ERL63373.1

K661_00235

Unknown

63
58

ERL62498.1
ERL63008.1

K661_01147
K661_00639

Cytoplasmic
Cytoplasmic

Translation/
transcription
Translation/
transcription
Protein folding
Protein folding

30s ribosomal protein S1

44

ERL61835.1

K661_01816

Cytoplasmic

SH3 domain of the SH3b1
type family protein
ATP synthase subunit beta
Succinyl-CoA synthetase
subunit beta
Adenylosuccinate synthetase
50S ribosomal protein L2

44

ERL63011.1

K661_00616

40
37

ERL63527.1
ERL62630.1

K661_00079
K661_00993

Cytoplasmic
membrane
Cytoplasmic
Cytoplasmic

35
35

ERL63023.1
ERL63107.1

K661_00605
K661_00512

Cytoplasmic
Cytoplasmic

Pyruvate dehydrogenase E1
component
Translation elongation factor
Tu
ATP synthase subunit alpha

35

ERL63007.1

K661_00645

Cytoplasmic

32

ERL63123.1

K661_00507

Cytoplasmic

31

ERL63511.1

K661_00081

Cytoplasmic

30S ribosomal protein S10

31

ERL63124.1

K661_00508

Cytoplasmic

Acetyl-CoA carboxylase,
biotin carboxylase subunit
GTP-binding protein
TypA/BipA
Adenylosuccinate lyase
Putative uncharacterized
protein
Glutamine synthetase
Aspartate--tRNA ligase
Type I secretion outer
membrane , TolC family
protein
Ribonucleoside-diphosphate
reductase
Sulfate transporter family
protein
SurA N-terminal domain
protein

30

ERL62995.1

K661_00634

Cytoplasmic

30

ERL62117.1

K661_01542

30
29

ERL61210.1
ERL61815.1

K661_02453
K661_01832

Cytoplasmic
membrane
Cytoplasmic
Extracellular

28
27
27

ERL62820.1
ERL61424.1
ERL62298.1

K661_00817
K661_02242
K661_01343

Cytoplasmic
Cytoplasmic
Outer
membrane

Catalytic activity
Ligase activity
transporter
activity

26

ERL62861.1

K661_00776

Cytoplasmic

Catalytic activity

26

ERL60960.1

K661_02719

26

ERL62410.1

K661_01228

Cytoplasmic
membrane
Periplasmic

Transporter
activity
Protein folding

Translation/
transcription
Unknown
Enzymatic activity
Enzymatic activity
Catalytic activity
Translation/
transcription
Enzymatic activity
Translation/
transcription
Transporter
activity
Translation/
transcription
Biotin carboxylase
activity
GTPase activity
Catalytic activity
Unknown

30S ribosomal protein S7

25

ERL63096.1

K661_00505

Cytoplasmic

Translation/
transcription
Outer membrane
assembly
Catalytic activity

Outer membrane protein
assembly factor BamB
PLD-like domain protein

25

ERL63452.1

K661_00202

24

ERL62649.1

K661_00979

Outer
membrane
Unknown

Dihydrolipoyllysine-residue
succinyltransferase, E2
component of oxoglutarate
dehydrogenase
Acetyl-coenzyme A
carboxylase carboxyl
transferase subunit alpha
DNA translocase ftsK

24

ERL62645.1

K661_00994

Cytoplasmic

Tricarboxylic acid
cycle

24

ERL63463.1

K661_00136

Cytoplasmic

Enzymatic activity

24

ERL61259.1

K661_02403

Tyrosine kinase family
protein
Lipopolysaccharide transport
periplasmic protein LptA

23

ERL62174.1

K661_01480

Cytoplasmic
membrane
Cytoplasmic

23

ERL63347.1

K661_00276

VacJ like lipofamily protein

23

ERL63561.1

K661_00057

GTPase Era

23

ERL63402.1

K661_00257

Ribonuclease E
Protein QmcA

22
22

ERL63435.1
ERL61641.1

K661_00190
K661_02010

Unknown/
multiple
localization
sites
Unknown/
multiple
localization
sites
Cytoplasmic
membrane
Cytoplasmic
Cytoplasmic

Translation/
transcription
Protein kinase
activity
Transporter
activity

RNA pyrophosphohydrolase

22

ERL62690.1

K661_00954

Cytoplasmic

Enzymatic activity
Outer membrane
assembly
Ligase activity

Putative uncharacterized
protein
Putative lipoprotein

22

ERL60989.1

K661_02693

Unknown

Unknown

21

ERL61739.1

K661_01913

Unknown

30S ribosomal protein S11

21

ERL63094.1

K661_00532

Cytoplasmic
membrane
Cytoplasmic

Putative uncharacterized
protein

21

ERL62319.1

K661_01324

tol-Pal system beta propeller
repeat protein TolB
UvrABC system protein
A/excinuclease ABC subunit
A
50S ribosomal protein L14

21

ERL63447.1

K661_00180

Unknown/
multiple
localization
sites
Periplasmic

20

ERL61138.1

K661_02532

Cytoplasmic

20

ERL63120.1

K661_00519

Cytoplasmic

AhpC/TSA family protein

20

ERL62427.1

K661_01215

Cytoplasmic

Peptidase Do family protein
tRNA N6-adenosine
threonylcarbamoyltransferas
e
50S ribosomal protein
L7/L12

20
19

ERL61942.1
ERL61798.1

K661_01712
K661_01858

Periplasmic
Extracellular

19

ERL63105.1

K661_00500

Unknown/
multiple
localization
sites

Unknown

GTPase activity

Translation/
transcription
Unknown

Transporter
activity
Catalytic activity
Translation/
transcription
Antioxidant
activity
Peptidase activity
Catalytic activity
Translation/
transcription

Isocitrate dehydrogenase
[NADP]
Phosphoglycerate kinase

19

ERL61705.1

K661_01940

Cytoplasmic

Catalytic activity

19

ERL62692.1

K661_00944

Cytoplasmic

Catalytic activity

Putative uncharacterized
protein

18

ERL61555.1

K661_02103

Unknown

Cell division protein FtsZ

18

ERL63530.1

K661_00116

Unknown/
multiple
localization
sites
Cytoplasmic

Glutaredoxin

18

ERL61767.1

K661_01878

Outer membrane family
protein
Heme ABC exporter, ATPbinding protein CcmA
30S ribosomal protein S13

18

ERL62624.1

18

GTPase activity
Oxidoreductase
activity

K661_01016

Unknown/
multiple
localization
sites
Unknown

ERL62004.1

K661_01637

Cytoplasmic

17

ERL63109.1

K661_00531

Cytoplasmic

ATP-dependent chaperone
protein ClpB
Thiamine-phosphate
synthase
FMN-dependent
dehydrogenase family
protein

17

ERL62667.1

K661_00977

Cytoplasmic

Transporter
activity
Translation/
transcription
Protein folding

17

ERL61616.1

K661_02033

Cytoplasmic

Catalytic activity

17

ERL62372.1

K661_01269

Glutamate
synthase activity

Succinyl-CoA ligase [ADPforming] subunit alpha
Poly(R)-hydroxyalkanoic acid
synthase, class I family
protein
DNA gyrase subunit B
tRNA modification GTPase
MnmE
DNA-directed RNA
polymerase subunit alpha
Indole-3-glycerol phosphate
synthase
30S ribosomal protein S5

17

ERL62635.1

K661_00992

Unknown/
multiple
localization
sites
Cytoplasmic

17

ERL62445.1

K661_01203

Cytoplasmic

Transporter
activity

16
16

ERL63522.1
ERL63514.1

K661_00098
K661_00091

Cytoplasmic
Cytoplasmic

Catalytic activity
Catalytic activity

16

ERL63103.1

K661_00534

Cytoplasmic

16

ERL63145.1

K661_00494

Cytoplasmic

Translation/
transcription
Catalytic activity

15

ERL63128.1

K661_00526

Cytoplasmic

DNA protecting protein DprA

15

ERL62510.1

K661_01135

Transcription termination
factor Rho
Methionine--tRNA ligase
Protein RecA

15

ERL62818.1

K661_00824

Unknown/
multiple
localization
sites
Cytoplasmic

14
14

ERL61386.1
ERL63028.1

K661_02275
K661_00624

Cytoplasmic
Cytoplasmic

Delta-1-pyrroline-5carboxylate dehydrogenase
30S ribosomal protein S18

14

ERL62434.1

K661_01213

Cytoplasmic

13

ERL63390.1

K661_00228

Cytoplasmic

ATP-dependent zinc
metalloprotease FtsH
30S ribosomal protein S12

13

ERL63004.1

K661_00647

13

ERL63129.1

K661_00504

Cytoplasmic
Membrane
Cytoplasmic

Unknown

Enzymatic activity

Translation/
transcription
Unknown

Translation/
transcription
Catalytic activity
Endonuclease
activity
Dehydrogenase
activity
Translation/
transcription
Metallopeptidase
Translation/
transcription

Nuclease
Elongation factor G
KamA family protein
Translation initiation factor
IF-2
Ferrous iron transport protein
B
Outer membrane protein
assembly factor BamE
Macrophage killing with
similarity to conjugation
family protein
Acetyl-CoA Cacetyltransferase family
protein
50S ribosomal protein L19

12
12
12
12

ERL60358.1
ERL63100.1
ERL62198.1
ERL63560.1

K661_03322
K661_00506
K661_01449
K661_00031

Cytoplasmic
Cytoplasmic
Cytoplasmic
Cytoplasmic

Hydrolase activity
Enzymatic activity
Catalytic activity
GTPase activity

12

ERL62163.1

K661_01495

12

ERL63567.1

K661_00069

12

ERL62896.1

K661_00732

Cytoplasmic
Membrane
Outer
membrane
Unknown

Transporter
activity
Outer membrane
assembly
Unknown

11

ERL63594.1

K661_00043

Cytoplasmic

Enzymatic activity

11

ERL61544.1

K661_02122

Cytoplasmic

50S ribosomal protein L17

11

ERL63104.1

K661_00535

Cytoplasmic

Polyribonucleotide
nucleotidyltransferase
tRNA (guanine-N(1)-)methyltransferase
50S ribosomal protein L22

10

ERL63591.1

K661_00035

Cytoplasmic

Translation/
transcription
Translation/
transcription
Catalytic activity

10

ERL61543.1

K661_02121

Cytoplasmic

Catalytic activity

9

ERL63119.1

K661_00514

Cytoplasmic

DNA ligase
CobQ/CobB/MinD/ParA
nucleotide binding domain
protein
Spore coat assembly SafA
domain protein
AAA-like domain protein
Glutaredoxin family protein
Transposase, IS4 family
protein
Histidine kinase

9
9

ERL62326.1
ERL60892.1

K661_01313
K661_02784

Cytoplasmic
Cytoplasmic

Translation/
transcription
Catalytic activity
Peptidase activity

9

ERL63078.1

K661_00541

Unknown

Enzymatic activity

9
9
8

ERL62889.1
ERL62158.1
ERL60903.1

K661_00737
K661_01491
K661_02769

Cytoplasmic
Cytoplasmic
Cytoplasmic

8

ERL62934.1

K661_00699

Single-stranded DNA-binding
protein
MutS domain II family protein
Putative uncharacterized
protein
Ribonucleoside-diphosphate
reductase subunit beta
Transcription elongation
protein nusA
Endonuclease/Exonuclease/
phosphatase family protein
Cadmium carbonic
anhydrase repeat family
protein

8

ERL61136.1

K661_02530

Cytoplasmic
membrane
Cytoplasmic

Unknown
Unknown
Transporter
activity
Catalytic activity

8
7

ERL63033.1
ERL61465.1

K661_00626
K661_02194

Cytoplasmic
Cytoplasmic

7

ERL62859.1

K661_00775

Cytoplasmic

7

ERL63554.1

K661_00030

Cytoplasmic

7

ERL62544.1

K661_01095

Cytoplasmic

7

ERL60930.1

K661_02748

Protein translocase subunit
SecA
Protein translocase subunit
SecD
Oxoglutarate dehydrogenase
(Succinyl-transferring), E1

7

ERL63540.1

K661_00118

Unknown/
multiple
localization
sites
Cytoplasmic

7

ERL62918.1

K661_00714

6

ERL62637.1

K661_00995

Cytoplasmic
membrane
Cytoplasmic

Translation/
transcription
ATP binding
Unknown
Translation/
transcription
Translation/
transcription
Endonuclease
activity
Unknown

Transporter
activity
Transporter
activity
Enzymatic activity

component
D-methionine-binding
lipoprotein metQ
UDP-2,3-diacylglucosamine
hydrolase
ATP synthase F0, C subunit

6

ERL62766.1

K661_00869

6

ERL60994.1

K661_02685

6

ERL63516.1

K661_00084

Lytic murein transglycosylase
B
BON domain protein

6

ERL62468.1

K661_01166

6

ERL62447.1

K661_01202

Proton-translocating NADHquinone oxidoreductase,
chain L family protein
Carbon storage regulator

6

ERL63565.1

K661_00025

6

ERL63016.1

K661_00621

Alanine dehydrogenase

6

ERL60806.1

K661_02874

LPS-assembly protein LptD

6

ERL62408.1

K661_01227

TonB family C-terminal
domain protein

6

ERL61728.1

K661_01924

InsA N-terminal domain
protein

6

ERL60693.1

K661_02987

Ribosomal-protein-alanine
acetyltransferase

6

ERL62218.1

K661_01428

Cytoplasmic
membrane
Cytoplasmic
membrane
Cytoplasmic
membrane
Cytoplasmic
membrane
Unknown/
multiple
localization
sites
Cytoplasmic
membrane
Unknown/
multiple
localization
sites
Cytoplasmic
Outer
membrane
Unknown/
multiple
localization
sites
Unknown/
multiple
localization
sites
Cytoplasmic

Unknown
Catalytic activity
Transporter
activity
Transporter
activity
Unknown

NADH
dehydrogenase
Enzymatic activity

Dehydrogenase
activity
Outer membrane
assembly
Transporter
activity
Unknown

Transferase
activity

S3 Table. Proteins identified in Piscirickettsia salmonis NVI 5692 MVs analyzed
by mass spectrometry

Proteins Identified in Piscirickettsia salmonis strain NVI 5692 MVs
Protein

Total
number
of
spectra

Protein
product

Gene locus

Predicted
subcellular
location

Putative function

Putative uncharacterized
protein
Putative uncharacterized
protein
Prolyl oligopeptidase family
protein

144

ERL61815.1

K661_01832

Extracellular

Unknown

136

ERL60989.1

K661_02693

Unknown

Unknown

133

ERL60791.1

K661_02889

Peptidase activity

Type I secretion outer
membrane, TolC family
protein
SH3 domain of the SH3b1
type family protein
Conjugal transfer/type IV
secretion DotA/TraY family
protein
Outer membrane beta-barrel
domain protein
Outer membrane protein
assembly factor BamA
30s ribosomal protein S1

89

ERL62298.1

K661_01343

Unknown/
multiple
localization
sites
Outer
membrane

86

ERL63011.1

K661_00616

Unknown

81

ERL62906.1

K661_00735

Cytoplasmic
membrane
Cytoplasmic
membrane

81

ERL63261.1

K661_00363

Unknown

72

ERL63467.1

K661_00144

69

ERL61835.1

K661_01816

Outer
membrane
Outer
membrane
Cytoplasmic

Peptidyl-prolyl cis-trans
isomerase

65

ERL62123.1

K661_01513

Bacterial DNA-binding family
protein
50S ribosomal protein L2

65

ERL63373.1

K661_00235

Unknown/
multiple
localization
sites
Unknown

64

ERL63107.1

K661_00512

Cytoplasmic

Outer membrane protein
assembly factor BamD
Chaperone protein HtpG
Conjugal transfer family
protein
NAD-specific glutamate
dehydrogenase
ATP synthase subunit alpha

63

ERL61949.1

K661_01702

60
60

ERL63045.1
ERL63157.1

K661_00577
K661_00475

Outer
membrane
Cytoplasmic
Unknown

59

ERL62977.1

K661_00664

Cytoplasmic

57

ERL63511.1

K661_00081

Cytoplasmic

Chaperone protein DnaK
Glycerophosphoryl diester
phosphodiesterase family
protein

57
56

ERL62498.1
ERL63010.1

K661_01147
K661_00612

Succinyl-CoA synthetase
subunit beta

50

ERL62630.1

K661_00993

Cytoplasmic
Unknown/
multiple
localization
sites
Cytoplasmic

Transporter
activity

Unknown

Unknown
Translation/
transcription
Protein folding

Translation/
transcription
Translation/
transcription
Outer membrane
assembly
Protein folding
Transporter
activity
Enzymatic activity
Transporter
activity
Protein folding
Enzymatic activity

Enzymatic activity

Outer membrane protein
assembly factor BamB
50S ribosomal protein L3

43

ERL63452.1

K661_00202

40

ERL63126.1

K661_00509

Outer
membrane
Cytoplasmic

30S ribosomal protein S3

38

ERL63101.1

K661_00515

Cytoplasmic

Transketolase
30S ribosomal protein S5

36
36

ERL62694.1
ERL63128.1

K661_00946
K661_00526

Cytoplasmic
Cytoplasmic

Translation elongation factor
Tu
Gamma-glutamyltransferase
ostA-like family protein

36

ERL63123.1

K661_00507

Cytoplasmic

35
35

ERL60775.1
ERL62408.1

K661_02905
K661_01227

Type I secretion outer
membrane, TolC family
protein
Outer membrane family
protein
DNA-directed RNA
polymerase subunit beta
DSBA-like thioredoxin
domain protein
HflK protein

35

ERL62558.1

K661_01078

Periplasmic
Outer
membrane
Outer
membrane

Outer membrane
assembly
Translation/
transcription
Translation/
transcription
Enzymatic activity
Translation/
transcription
Translation/
transcription
Enzymatic activity
Transporter
activity
Transporter
activity

35

ERL63478.1

K661_00143

Unknown

Unknown

33

ERL63118.1

K661_00502

Cytoplasmic

33

ERL62050.1

K661_01601

Unknown

Translation/
transcription
Unknown

32

ERL63020.1

K661_00608

Unknown

Pyruvate dehydrogenase E1
component
SurA N-terminal domain
protein
Putative dotC-like type IV
secretion system protein
VacJ like lipofamily protein

32

ERL63007.1

K661_00645

Cytoplasmic

Outer membrane
assembly
Enzymatic activity

32

ERL62410.1

K661_01228

Periplasmic

Protein folding

31

ERL62897.1

K661_00745

Unknown

Unknown

30

ERL63561.1

K661_00057

Unknown

Acetyl-coenzyme A
carboxylase carboxyl
transferase subunit beta
Site-determining protein
Peptidase Do family protein
60kDa chaperonin GroEL
30S ribosomal protein S10

30

ERL62252.1

K661_01385

Unknown/
multiple
localization
sites
Cytoplasmic

29
29
29
29

ERL63059.1
ERL61942.1
ERL63008.1
ERL63124.1

K661_00595
K661_01712
K661_00639
K661_00508

Cytoplasmic
Periplasmic
Cytoplasmic
Cytoplasmic

Protein QmcA

27

ERL61641.1

K661_02010

Cytoplasmic

DNA translocase ftsK

26

ERL61259.1

K661_02403

30S ribosomal protein S13

26

ERL63109.1

K661_00531

Cytoplasmic
membrane
Cytoplasmic

Putative uncharacterized
protein
Protein HflC
Bacterial conjugation TrbIlike family protein
D-alanyl-D-alanine
carboxypeptidase/D-alanylD-alanine-endopeptidase
Putative uncharacterized
protein

26

ERL61555.1

K661_02103

Unknown

25
25

ERL63022.1
ERL62888.1

K661_00607
K661_00750

Unknown
Unknown

25

ERL62612.1

K661_01018

Periplasmic

Peptidase activity
Transporter
activity
Enzymatic activity

24

ERL62717.1

K661_00911

Unknown

Unknown

Enzymatic activity
Enzymatic activity
Peptidase activity
Protein folding
Translation/
transcription
Outer membrane
assembly
Translation/
transcription
Translation/
transcription
Unknown

PLD-like domain protein

24

ERL62649.1

K661_00979

Unknown

Enzymatic activity

D-alanyl-D-alanine
carboxypeptidase family
protein
50S ribosomal protein L18

24

ERL63219.1

K661_00410

Cytoplasmic
membrane

Enzymatic activity

24

ERL63121.1

K661_00525

Cytoplasmic

Toluene tolerance, Ttg2
family protein
30S ribosomal protein S7

24

ERL63329.1

K661_00270

Unknown

23

ERL63096.1

K661_00505

Cytoplasmic

tol-Pal system beta propeller
repeat protein TolB
Polysaccharide
biosynthesis/export family
protein

23

ERL63447.1

K661_00180

Periplasmic

23

ERL63275.1

K661_00379

Acetyl-coenzyme A
carboxylase carboxyl
transferase subunit alpha
30S ribosomal protein S12

23

ERL63463.1

K661_00136

Unknown/
multiple
localization
sites
Cytoplasmic

Translation/
transcription
Outer membrane
assembly
Translation/
transcription
Transporter
activity
Transporter
activity

22

ERL63129.1

K661_00504

Cytoplasmic

30S ribosomal protein S2

21

ERL63483.1

K661_00158

Cytoplasmic

TPR repeat family protein
Putative lipoprotein

21
21

ERL63572.1
ERL61739.1

K661_00047
K661_01913

30S ribosomal protein S11

20

ERL63094.1

K661_00532

Unknown
Cytoplasmic
membrane
Cytoplasmic

Putative uncharacterized
protein
AAA-like domain protein
50S ribosomal protein L16

19

ERL62344.1

K661_01304

Unknown

18
18

ERL62889.1
ERL63097.1

K661_00737
K661_00516

Cytoplasmic
Cytoplasmic

Polyribonucleotide
nucleotidyltransferase
Trypsin family protein
Putative uncharacterized
protein
30S ribosomal protein S14

18

ERL63591.1

K661_00035

Cytoplasmic

Unknown
Translation/
transcription
Enzymatic activity

18
18

ERL63279.1
ERL63074.1

K661_00360
K661_00568

Periplasmic
Unknown

Peptidase activity
Unknown

18

ERL63095.1

K661_00522

Cytoplasmic

Outer membrane protein
assembly factor BamE
30S ribosomal protein S4

17

ERL63567.1

K661_00069

17

ERL63092.1

K661_00533

Outer
membrane
Cytoplasmic

DNA gyrase subunit A

16

ERL61836.1

K661_01813

Cytoplasmic

Translation/
transcription
Outer membrane
assembly
Translation/
transcription
Enzymatic activity

TRAP transporter solute
receptor, TAXI family protein
Thioredoxin family protein
Efflux transporter, RND
family, MFP subunit
Protein translocase subunit
SecA
Protein translocase subunit
SecD
Transcription termination
factor Rho
Oxoglutarate dehydrogenase

16

ERL61459.1

K661_02201

Unknown

16
16

ERL62966.1
ERL63225.1

K661_00669
K661_00385

15

ERL63540.1

K661_00118

Periplasmic
Cytoplasmic
membrane
Cytoplasmic

15

ERL62918.1

K661_00714

15

ERL62818.1

K661_00824

Cytoplasmic
membrane
Cytoplasmic

15

ERL62637.1

K661_00995

Cytoplasmic

Enzymatic activity
Translation/
Transcription
Translation/
transcription
Unknown
Unknown
Translation/
transcription
Unknown

Translation/
transcription
Unknown
Transporter
activity
Transporter
activity
Transporter
activity
Translation/
transcription
Enzymatic activity

(Succinyl-transferring), E1
component
50S ribosomal protein L25

15

ERL62243.1

K661_01399

Cytoplasmic

Translation/
transcription
Unknown

Preprotein translocase, YajC
subunit
MetA-pathway of phenol
degradation family protein
Penicillin binding
transpeptidase domain
protein
DNA-directed RNA
polymerase subunit alpha
Phosphoribosylformylglycinamidine cycloligase
Succinyl-CoA ligase [ADPforming] subunit alpha
Two-component
transcriptional regulatory
family protein
30S ribosomal protein S6

15

ERL62915.1

K661_00713

15

ERL62980.1

K661_00673

Cytoplasmic
membrane
Unknown

14

ERL60963.1

K661_02714

Cytoplasmic
membrane

14

ERL63103.1

K661_00534

Cytoplasmic

14

ERL61959.1

K661_01687

Cytoplasmic

Translation/
transcription
Enzymatic activity

14

ERL62635.1

K661_00992

Cytoplasmic

Enzymatic activity

14

ERL62969.1

K661_00656

Cytoplasmic

Translation/
transcription

14

ERL63391.1

K661_00227

Cytoplasmic

Putative uncharacterized
protein
Cytochrome o ubiquinol
oxidase, subunit I
Mce related family protein
ATP-dependent protease
ATPase subunit HslU
AT hook motif family protein

14

ERL63263.1

K661_00353

14

ERL61528.1

K661_02130

14
13

ERL63357.1
ERL62266.1

K661_00271
K661_01373

Cytoplasmic
membrane
Cytoplasmic
membrane
Unknown
Cytoplasmic

Translation/
transcription
Unknown

13

ERL60509.1

K661_03171

Cytoplasmic

Putative lipoprotein
Penicillin-binding protein 1B

13
12

ERL61947.1
ERL63553.1

K661_01699
K661_00046

Putative uncharacterized
protein
Efflux transporter, RND
family, MFP subunit
Spore coat assembly SafA
domain protein
Macrophage killing with
similarity to conjugation
family protein
Transcription elongation
protein nusA
Glutathione synthetase/
ATP-grasp domain protein
Elongation factor G
ATP synthase subunit beta
SurA N-terminal domain
protein

12

ERL63239.1

K661_00396

12

ERL61814.1

K661_01835

12

ERL63078.1

K661_00541

Unknown
Cytoplasmic
membrane
Outer
membrane
Cytoplasmic
membrane
Unknown

Transporter
activity
Enzymatic activity

12

ERL62896.1

K661_00732

Unknown

Unknown

12

ERL63554.1

K661_00030

Cytoplasmic

12

ERL61291.1

K661_02372

Cytoplasmic

Translation/
transcription
Enzymatic activity

12
11
11

ERL63100.1
ERL63527.1
ERL63206.1

K661_00506
K661_00079
K661_00419

Enzymatic activity
Enzymatic activity
Protein folding

Poly(R)-hydroxyalkanoic acid
synthase, class I family
protein
Putative uncharacterized
protein

11

ERL62445.1

K661_01203

Cytoplasmic
Cytoplasmic
Unknown/
multiple
localization
sites
Cytoplasmic

11

ERL61212.1

K661_02455

Outer
membrane

Unknown

Outer membrane
assembly
Peptidase activity

Enzymatic activity
Unknown
Protein folding
Translation/
transcription
Unknown
Peptidase activity
Unknown

Transporter
activity

Cell division protein
FtsZ
CTP synthase
UvrABC system protein A/
excinuclease ABC subunit A
50S ribosomal protein L5

11

ERL63530.1

K661_00116

Cytoplasmic

GTPase activity

10
10

ERL62750.1
ERL61138.1

K661_00882
K661_02532

Cytoplasmic
Cytoplasmic

10

ERL63125.1

K661_00521

Cytoplasmic

50S ribosomal protein L4

10

ERL63099.1

K661_00510

Cytoplasmic

Succinate dehydrogenase,
flavoprotein subunit
Putative uncharacterized
protein
Colicin V production family
protein
50S ribosomal protein L6

10

ERL62641.1

K661_00997

10

ERL62076.1

K661_01573

10

ERL62258.1

K661_01383

10

ERL63130.1

K661_00524

Cytoplasmic
membrane
Cytoplasmic
membrane
Cytoplasmic
membrane
Cytoplasmic

Enzymatic activity
Nucleotideexcision repair
Translation/
transcription
Translation/
transcription
Electron transport
chain
Unknown

DNA/RNA non-specific
endonuclease family protein
Membrane protein insertase
YidC
GTP-binding protein
TypA/BipA
Bacterial conjugation TrbIlike family protein
Protein RecA

10

ERL61072.1

K661_02601

Extracellular

10

ERL63499.1

K661_00092

9

ERL62117.1

K661_01542

9

ERL63138.1

K661_00474

Cytoplasmic
membrane
Cytoplasmic
membrane
Unknown

9

ERL63028.1

K661_00624

Cytoplasmic

Efflux transporter, RND
family, MFP subunit
ATP-dependent chaperone
protein ClpB
3-oxoacyl-[acyl-carrierprotein] synthase 2
Lipopolysaccharide transport
periplasmic protein LptA
Type IV pilus biogenesis
/stability protein PilW
TrbC/VIRB2 family
protein
Signal recognition particle
protein
Glycine cleavage system T
protein
NADH dehydrogenase
(Quinone), G subunit
30S ribosomal protein S9

9

ERL62143.1

K661_01504

9

ERL62667.1

K661_00977

Cytoplasmic
membrane
Cytoplasmic

9

ERL62439.1

K661_01194

9

ERL63347.1

K661_00276

9

ERL63442.1

K661_00207

9

ERL63150.1

K661_00479

8

ERL62778.1

K661_00877

8

ERL62954.1

8

Cytoplasmic
membrane
Unknown

Unknown
Translation/
transcription
Endonuclease
activity
Transporter
activity
GTPase activity
Unknown
Endonuclease
activity
Transporter
activity
Protein folding
Enzymatic activity
Transporter
activity
Unknown

K661_00680

Outer
membrane
Cytoplasmic
membrane
Cytoplasmic
membrane
Cytoplasmic

Enzymatic activity

ERL63558.1

K661_00020

Cytoplasmic

ATP synthesis

8

ERL62157.1

K661_01492

Cytoplasmic

Ribose-phosphate
pyrophosphokinase
DNA-directed RNA
polymerase subunit beta
Translation initiation factor
IF-2
Putative lipoprotein
50S ribosomal protein L24

8

ERL62246.1

K661_01400

Cytoplasmic

Translation/
transcription
Enzymatic activity

8

ERL63106.1

K661_00503

Cytoplasmic

8

ERL63560.1

K661_00031

Cytoplasmic

8
8

ERL62900.1
ERL63098.1

K661_00746
K661_00520

Unknown
Cytoplasmic

Aldehyde dehydrogenase
family protein
Adenylate kinase

7

ERL61002.1

K661_02673

Cytoplasmic

7

ERL61571.1

K661_02089

Cytoplasmic

Unknown
GTPase activity

Translation/
transcription
GTPase activity
Unknown
Translation/
transcription
Oxidoreductase
activity
Enzymatic activity

Ribonuclease E
YGGT family protein

7
7

ERL63435.1
ERL63267.1

K661_00190
K661_00357

Enzymatic activity
Unknown

K661_00994

Cytoplasmic
Cytoplasmic
membrane
Cytoplasmic
membrane
Cytoplasmic

Efflux transporter, RND
family, MFP subunit
Dihydrolipoyllysine-residue
succinyltransferase, E2
component of oxoglutarate
dehydrogenase
Secreted metalloprotease
Mcp02
Putative uncharacterized
protein
FMN-dependent
dehydrogenase family
protein

7

ERL61512.1

K661_02153

7

ERL62645.1

7

ERL61439.1

K661_02225

Extracellular

Peptidase activity

7

ERL61817.1

K661_01838

Unknown

Unknown

7

ERL62372.1

K661_01269

Glutamate
synthase activity

Putative lipoprotein

7

ERL61323.1

K661_02342

50S ribosomal protein L20

7

ERL62352.1

K661_01296

Unknown/
multiple
localization
sites
Cytoplasmic
membrane
Cytoplasmic

phosphopyruvate hydratase
Alanine dehydrogenase
Glutaredoxin family protein

6
6
6

ERL62738.1
ERL60806.1
ERL62259.1

K661_00884
K661_02874
K661_01390

Cytoplasmic
Cytoplasmic
Cytoplasmic

Lytic murein transglycosylase
B
50S ribosomal protein L19

6

ERL62468.1

K661_01166

6

ERL61544.1

K661_02122

Cytoplasmic
membrane
Cytoplasmic

NADH-quinone
oxidoreductase subunit C
Protein TolQ

6

ERL63551.1

K661_00016

Cytoplasmic

6

ERL63421.1

K661_00183

30S ribosomal protein S18

6

ERL63390.1

K661_00228

Cytoplasmic
membrane
Cytoplasmic

VirB8 family protein
TPR repeat family protein
50S ribosomal protein L21

6
6
6

ERL63151.1
ERL61242.1
ERL62152.1

K661_00476
K661_02421
K661_01484

Unknown
Unknown
Cytoplasmic

Hydroxymethylglutarylcoenzyme A reductase family
protein

6

ERL63498.1

K661_00145

Cytoplasmic

Transporter
activity
Tricarboxylic acid
cycle

Unknown
Translation/
transcription
Enzymatic activity
Enzymatic activity
Electron carrier
activity
Transporter
activity
Translation/
transcription
Transporter
activity
Transporter
activity
Translation/
transcription
Unknown
Unknown
Translation/
transcription
Coenzyme
binding

S4 Table. Proteins identified in Piscirickettsia salmonis NVI 5892 MVs analyzed
by mass spectrometry

Proteins Identified in Piscirickettsia salmonis strain NVI 5892 MVs
Protein

Total
number
of
spectra

Protein
product

Gene locus

Predicted
subcellular
location

Putative function

Putative uncharacterized
protein
Peptidyl-prolyl cis-trans
isomerase

171

ERL61815.1

K661_01832

Extracellular

Unknown

140

ERL62123.1

K661_01513

Protein folding

Outer membrane beta-barrel
domain protein
Outer membrane protein
assembly factor BamA
Prolyl oligopeptidase family
protein

104

ERL63261.1

K661_00363

89

ERL63467.1

K661_00144

83

ERL60791.1

K661_02889

Type I secretion outer
membrane, TolC family
protein
Outer membrane family
protein
Chaperone protein DnaK
SH3 domain of the SH3b1
type family protein
Conjugal transfer family
protein
OmpA family protein

82

ERL62298.1

K661_01343

Unknown/
multiple
localization
sites
Outer
membrane
Outer
membrane
Unknown/
multiple
localization
sites
Outer
membrane

79

ERL63478.1

K661_00143

Unknown

Unknown

74
72

ERL62498.1
ERL63011.1

K661_01147
K661_00616

Protein folding
Unknown

71

ERL63157.1

K661_00475

Cytoplasmic
Cytoplasmic
membrane
Unknown

68

ERL63431.1

K661_00179

Outer membrane protein
assembly factor BamD
Bacterial DNA-binding family
protein
Conjugal transfer/type IV
secretion DotA/TraY family
protein
Glycerophosphoryl diester
phosphodiesterase family
protein

64

ERL61949.1

K661_01702

62

ERL63373.1

K661_00235

61

ERL62906.1

K661_00735

Cytoplasmic
membrane

57

ERL63010.1

K661_00612

50S ribosomal protein L2

57

ERL63107.1

K661_00512

Unknown/
multiple
localization
sites
Cytoplasmic

30s ribosomal protein S1

55

ERL61835.1

K661_01816

Cytoplasmic

Putative uncharacterized
protein
ostA-like family protein

52

ERL60989.1

K661_02693

Unknown

Translation/
transcription
Translation/
transcription
Unknown

48

ERL62408.1

K661_01227

DSBA-like thioredoxin

46

ERL62050.1

K661_01601

Outer
membrane
Unknown

Transporter
activity
Unknown

Outer
membrane
Outer
membrane
Unknown

Unknown
Unknown
Peptidase activity

Transporter
activity

Transporter
activity
Porin activity
Outer membrane
assembly
Translation/
transcription
Unknown
Enzymatic activity

domain protein
ATP synthase subunit alpha

46

ERL63511.1

K661_00081

Cytoplasmic

Type I secretion outer
membrane, TolC family
protein
Putative uncharacterized
protein
Outer membrane protein
assembly factor BamB
Gamma-glutamyltransferase
SurA N-terminal domain
protein
50S ribosomal protein L3

45

ERL62558.1

K661_01078

Outer
membrane

Transporter
activity
Transporter
activity

44

ERL62717.1

K661_00911

Unknown

Unknown

43

ERL63452.1

K661_00202

43
42

ERL60775.1
ERL62410.1

K661_02905
K661_01228

Outer
membrane
Periplasmic
Periplasmic

Outer membrane
assembly
Enzymatic activity
Protein folding

40

ERL63126.1

K661_00509

Cytoplasmic

Site-determining protein
Translation elongation factor
Tu
Bacterial conjugation TrbIlike family protein
Peptidase Do family protein
Chaperone protein HtpG
Succinyl-CoA synthetase
subunit beta
Toluene tolerance, Ttg2
family protein
30S ribosomal protein S5

39
36

ERL63059.1
ERL63123.1

K661_00595
K661_00507

Cytoplasmic
Cytoplasmic

36

ERL62888.1

K661_00750

Unknown

34
34
33

ERL61942.1
ERL63045.1
ERL62630.1

K661_01712
K661_00577
K661_00993

Periplasmic
Cytoplasmic
Cytoplasmic

Translation/
transcription
Enzymatic activity
Translation/
transcription
Transporter
activity
Peptidase activity
Protein folding
Enzymatic activity

30

ERL63329.1

K661_00270

Unknown

30

ERL63128.1

K661_00526

Cytoplasmic

60kDa chaperonin GroEL
Cadmium carbonic
anhydrase repeat family
protein
Putative uncharacterized
protein
Efflux transporter, RND
family, MFP subunit
PLD-like domain protein
Acetyl-coenzyme A
carboxylase carboxyl
transferase subunit beta
VacJ like lipofamily protein

30
30

ERL63008.1
ERL60930.1

K661_00639
K661_02748

Cytoplasmic
Unknown

Outer membrane
assembly
Translation/
transcription
Protein folding
Unknown

26

ERL61555.1

K661_02103

Unknown

Unknown

26

ERL61814.1

K661_01835

26
25

ERL62649.1
ERL62252.1

K661_00979
K661_01385

Cytoplasmic
membrane
Unknown
Cytoplasmic

Transporter
activity
Enzymatic activity
Enzymatic activity

25

ERL63561.1

K661_00057

Unknown

Putative lipoprotein

24

ERL61739.1

K661_01913

30S ribosomal protein S10

24

ERL63124.1

K661_00508

Unknown/
multiple
localization
sites
Cytoplasmic
membrane
Cytoplasmic

Protein QmcA

23

ERL61641.1

K661_02010

Cytoplasmic

Putative dotC-like type IV
secretion system protein
DNA translocase ftsK

22

ERL62897.1

K661_00745

Unknown

22

ERL61259.1

K661_02403

HflK protein

21

ERL63020.1

K661_00608

Cytoplasmic
membrane
Unknown

Phospholipase A1 family
protein
SurA N-terminal domain

21

ERL62999.1

K661_00642

20

ERL63206.1

K661_00419

Outer
membrane
Unknown/

Unknown
Translation/
transcription
Outer membrane
assembly
Unknown
Translation/
transcription
Outer membrane
assembly
Phospholipase
activity
Protein folding

protein

multiple
localization
sites
Cytoplasmic

Transketolase

19

ERL62694.1

K661_00946

D-alanyl-D-alanine
carboxypeptidase family
protein
D-alanyl-D-alanine
carboxypeptidase/D-alanylD-alanine-endopeptidase
tol-Pal system beta propeller
repeat protein TolB
Acetyl-coenzyme A
carboxylase carboxyl
transferase subunit alpha
TPR repeat family protein
Polysaccharide
biosynthesis/export family
protein

19

ERL63219.1

K661_00410

Cytoplasmic
membrane

Enzymatic activity

19

ERL62612.1

K661_01018

Periplasmic

Enzymatic activity

18

ERL63447.1

K661_00180

Periplasmic

18

ERL63463.1

K661_00136

Cytoplasmic

Transporter
activity
Enzymatic activity

18
18

ERL63572.1
ERL63275.1

K661_00047
K661_00379

Heme ABC exporter, ATPbinding protein CcmA
Preprotein translocase, YajC
subunit
Protein HflC

17

ERL62004.1

K661_01637

Unknown
Unknown/
multiple
localization
sites
Cytoplasmic

17

ERL62915.1

K661_00713

17

ERL63022.1

K661_00607

Cytoplasmic
membrane
Unknown

30S ribosomal protein S4

16

ERL63092.1

K661_00533

Cytoplasmic

30S ribosomal protein S2

16

ERL63483.1

K661_00158

Cytoplasmic

30S ribosomal protein S11

15

ERL63094.1

K661_00532

Cytoplasmic

30S ribosomal protein S3

15

ERL63101.1

K661_00515

Cytoplasmic

30S ribosomal protein S12

15

ERL63129.1

K661_00504

Cytoplasmic

Polyribonucleotide
nucleotidyltransferase
30S ribosomal protein S6

14

ERL63591.1

K661_00035

Cytoplasmic

14

ERL63391.1

K661_00227

Cytoplasmic

Spore coat assembly SafA
domain protein
30S ribosomal protein S7

14

ERL63078.1

K661_00541

Unknown

14

ERL63096.1

K661_00505

Cytoplasmic

30S ribosomal protein S14

14

ERL63095.1

K661_00522

Cytoplasmic

30S ribosomal protein S13

14

ERL63109.1

K661_00531

Cytoplasmic

Putative lipoprotein
Cytochrome o ubiquinol
oxidase, subunit I
Thioredoxin family protein
50S ribosomal protein L16

14
14

ERL62971.1
ERL61528.1

K661_00658
K661_02130

13
13

ERL62966.1
ERL63097.1

K661_00669
K661_00516

Unknown
Cytoplasmic
membrane
Periplasmic
Cytoplasmic

Membrane protein insertase
YidC
Succinate dehydrogenase,
flavoprotein subunit

13

ERL63499.1

K661_00092

12

ERL62641.1

K661_00997

Cytoplasmic
membrane
Cytoplasmic
membrane

Enzymatic activity

Unknown
Transporter
activity
Transporter
activity
Unknown
Peptidase activity
Translation/
transcription
Translation/
transcription
Translation/
transcription
Translation/
transcription
Translation/
transcription
Enzymatic activity
Translation/
transcription
Enzymatic activity
Translation/
transcription
Translation/
transcription
Translation/
transcription
Unknown
Enzymatic activity
Unknown
Translation/
transcription
Transporter
activity
Electron transport
chain

50S ribosomal protein L9

12

ERL63394.1

K661_00229

Cytoplasmic

Putative lipoprotein
Efflux transporter, RND
family, MFP subunit
MMPL family protein

12
12

ERL61947.1
ERL63225.1

K661_01699
K661_00385

12

ERL61816.1

K661_01834

Putative uncharacterized
protein
Bacterial conjugation TrbIlike family protein
Putative uncharacterized
protein
50S ribosomal protein L4

11

ERL61817.1

K661_01838

Unknown
Cytoplasmic
membrane
Cytoplasmic
membrane
Unknown

Translation/
transcription
Unknown
Transporter
activity
Transporter
activity
Unknown

11

ERL63138.1

K661_00474

Unknown

Unknown

11

ERL63074.1

K661_00568

Unknown

Unknown

11

ERL63099.1

K661_00510

Cytoplasmic

50S ribosomal protein L5

11

ERL63125.1

K661_00521

Cytoplasmic

50S ribosomal protein L24

11

ERL63098.1

K661_00520

Cytoplasmic

Dihydrodipicolinate synthase
Outer membrane protein
assembly factor BamE
Macrophage killing with
similarity to conjugation
family protein
Acetyl-CoA Cacetyltransferase family
protein
50S ribosomal protein
L7/L12

11
11

ERL61513.1
ERL63567.1

K661_02147
K661_00069

10

ERL62896.1

K661_00732

Cytoplasmic
Outer
membrane
Unknown

Translation/
transcription
Translation/
transcription
Translation/
transcription
Enzymatic activity
Outer membrane
assembly
Unknown

10

ERL63594.1

K661_00043

Cytoplasmic

Enzymatic activity

10

ERL63105.1

K661_00500

Translation/
transcription

Poly(R)-hydroxyalkanoic acid
synthase, class I family
protein
NAD-specific glutamate
dehydrogenase
MetA-pathway of phenol
degradation family protein
ATP synthase subunit beta

10

ERL62445.1

K661_01203

Unknown/
multiple
localization
sites
Cytoplasmic

10

ERL62977.1

K661_00664

Cytoplasmic

Enzymatic activity

10

ERL62980.1

K661_00673

Unknown

10

ERL63527.1

K661_00079

Cytoplasmic

Outer membrane
assembly
Enzymatic activity

Succinate dehydrogenase
and fumarate reductase ironsulfur family protein
50S ribosomal protein L18

9

ERL62631.1

K661_00996

Cytoplasmic
membrane

Enzymatic activity

9

ERL63121.1

K661_00525

Cytoplasmic

Outer membrane family
protein
Succinyl-CoA ligase [ADPforming] subunit alpha
Transcription termination
factor Rho
Elongation factor G

9

ERL62624.1

K661_01016

Unknown

Translation/
transcription
Unknown

9

ERL62635.1

K661_00992

Cytoplasmic

Enzymatic activity

9

ERL62818.1

K661_00824

Cytoplasmic

8

ERL63100.1

K661_00506

Cytoplasmic

Translation/
transcription
Enzymatic activity

AAA-like domain protein

8

ERL62889.1

K661_00737

Cytoplasmic

Unknown

DNA/RNA non-specific
endonuclease family protein
Protein translocase subunit

8

ERL61072.1

K661_02601

Extracellular

8

ERL63540.1

K661_00118

Cytoplasmic

Endonuclease
activity
Transporter

Transporter
activity

SecA
Putative uncharacterized
protein
FMN-dependent
dehydrogenase family
protein

8

ERL63263.1

K661_00353

Cytoplasmic
membrane
Unknown/
multiple
localization
sites
Cytoplasmic

8

ERL62372.1

K661_01269

DNA-directed RNA
polymerase subunit alpha
Protein translocase subunit
SecD
Thioredoxin

8

ERL63103.1

K661_00534

7

ERL62918.1

K661_00714

7

ERL62824.1

K661_00823

Cytoplasmic
membrane
Cytoplasmic

TRAP transporter solute
receptor, TAXI family protein
Ribose-phosphate
pyrophosphokinase
Lipopolysaccharide transport
periplasmic protein LptA
YGGT family protein

7

ERL61459.1

K661_02201

Unknown

7

ERL62246.1

K661_01400

Cytoplasmic

7

ERL63347.1

K661_00276

Unknown

7

ERL63267.1

K661_00357

Dihydrolipoyllysine-residue
succinyltransferase, E2
component of oxoglutarate
dehydrogenase
AT hook motif family protein
Mce related family protein
50S ribosomal protein L25

7

ERL62645.1

K661_00994

Cytoplasmic
membrane
Cytoplasmic

7
7
7

ERL60509.1
ERL63357.1
ERL62243.1

K661_03171
K661_00271
K661_01399

Cytoplasmic
Unknown
Cytoplasmic

Putative lipoprotein
Putative lipoprotein
30S ribosomal protein S18

7
7
6

ERL61463.1
ERL62900.1
ERL63390.1

K661_02203
K661_00746
K661_00228

Unknown
Unknown
Cytoplasmic

VirB8 family protein
30S ribosomal protein S19

6
6

ERL63151.1
ERL63122.1

K661_00476
K661_00513

Unknown
Cytoplasmic

50S ribosomal protein L28

6

ERL62116.1

K661_01537

Cytoplasmic

ATP synthase F0, B subunit

6

ERL63538.1

K661_00083

Superoxide dismutase [CuZn]
Protein TolQ

6

ERL60975.1

K661_02704

Cytoplasmic
membrane
Periplasmic

6

ERL63421.1

K661_00183

50S ribosomal protein L15

6

ERL63112.1

K661_00528

Alanine dehydrogenase
Penicillin-binding protein 1B

6
6

ERL60806.1
ERL63553.1

K661_02874
K661_00046

Putative lipoprotein
DNA-directed RNA
polymerase subunit beta
Lytic murein transglycosylase
B
BON domain protein

6
6

ERL61517.1
ERL63106.1

K661_02148
K661_00503

6

ERL62468.1

K661_01166

6

ERL62447.1

K661_01202

Carbon storage regulator

6

ERL63016.1

K661_00621

Cytoplasmic
membrane
Cytoplasmic
Cytoplasmic
Cytoplasmic
membrane
Unknown
Cytoplasmic
Cytoplasmic
membrane
Unknown/
multiple
localization
sites
Unknown/

activity
Unknown
Glutamate
synthase activity
Translation/
transcription
Transporter
activity
Oxidoreductase
activity
Translation/
transcription
Enzymatic activity
Transporter
activity
Unknown
Tricarboxylic acid
cycle
Unknown
Unknown
Translation/
transcription
Unknown
Unknown
Translation/
transcription
Unknown
Translation/
transcription
Translation/
transcription
Enzymatic activity
Enzymatic activity
Transporter
activity
Translation/
transcription
Enzymatic activity
Peptidase activity
Unknown
Translation/
transcription
Transporter
activity
Unknown

Enzymatic activity

AhpC/TSA family protein

6

ERL62427.1

K661_01215

multiple
localization
sites
Cytoplasmic

Cell division protein FtsZ
DNA-directed RNA
polymerase subunit beta
Signal recognition particle
protein
ATP-dependent Clp protease
ATP-binding subunit ClpX
Tol-pal system protein YbgF
Phosphoribosylformylglycinamidine cycloligase

6
6

ERL63530.1
ERL63118.1

K661_00116
K661_00502

Cytoplasmic
Cytoplasmic

6

ERL62778.1

K661_00877

6

ERL63217.1

K661_00422

Cytoplasmic
membrane
Cytoplasmic

Peptidase activity

6
6

ERL63436.1
ERL61959.1

K661_00177
K661_01687

Unknown
Cytoplasmic

Unknown
Enzymatic activity

Antioxidant
activity
GTPase activity
Translation/
transcription
GTPase activity
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Infections caused by the facultative intracellular bacterial pathogen Piscirickettsia salmonis remains an
unsolved problem for the aquaculture as no efﬁcient treatments have been developed. As a result,
substantial amounts of antibiotic have been used to limit salmonid rickettsial septicemia (SRS) disease
outbreaks. The antibiotic usage has not reduced the occurrence, but lead to an increase in resistant
strains, underlining the need for new treatment strategies. P. salmonis produce membrane vesicles
(MVs); small spherical structures know to contain a variety of bacterial components, including proteins,
lipopolysaccharides (LPS), DNA and RNA. MVs mimics' in many aspects their mother cell, and has been
reported as alternative vaccine candidates. Here, MVs from P. salmonis was isolated and evaluated as a
vaccine candidate against SRS in an adult zebraﬁsh infection model. When zebraﬁsh was immunized
with MVs they were protected from subsequent challenge with a lethal dose of P. salmonis. Histological
analysis showed a reduced bacterial load upon challenge in the MV immunized group, and the mRNA
expression levels of several immune related genes altered, including mpeg1.1, tnfa, il1b, il10 and il6. The
MVs induced the secretion of IgM upon immunization, indicating an immunogenic effect of the vesicles.
Taken together, the data demonstrate a vaccine potential of MVs against P. salmonis.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords:
Piscirickettsia salmonis
MVs
Vaccine
SRS
Zebraﬁsh
Immune response

1. Introduction
The Chilean salmon production is one of the largest aquaculture
industries worldwide, with a production rate of 605.800 tons of
Atlantic salmon in 2016 and a calculated exportation value of
US$2.3 million [1,2]. The continuous expansion of the Chilean
salmon industry has, however, not been without difﬁculties, as the
introduction of new farming areas and species have led to the
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PO Box 1068 Blindern, 0316, Oslo, Norway.
E-mail address: hannewi@farmasi.uio.no (H.C. Winther-Larsen).
1
Present address: Department of Animal and Aquacultural Sciences, Norwegian
University of Life Sciences, Ås, Norway.

development of infectious diseases [3,4]. One of the most important pathogen found in seawater in Chile is the intracellular bacterial pathogen Piscirickettsia salmonis, the etiologic agent of
salmonid rickettsial septicaemia (SRS), a chronic and often fatal
disease in salmonid [5,6]. P. salmonis was isolated and characterized
from Coho salmon (Oncorhyncus kisutch) in 1989 after a devastating
epizootic in the Chilean aquaculture industry [5]. Since then, the
bacteria have been recognized as an emerging problem with outbreaks of SRS reported across the world [7e9]. P. salmonis has been
identiﬁed in salmon net-pens in Norway, Canada, Ireland and
Scotland, but with a reduced virulence compared to the Chilean
strains [10]. Continuous outbreaks of SRS have had a devastating
impact on the Chilean aquaculture, with losses exceeding US$ 100
mill a year [11,12], despite the availability of several vaccine options
on the marked [4].

http://dx.doi.org/10.1016/j.fsi.2017.06.015
1050-4648/© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
).
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After the release of the ﬁrst commercial vaccine against SRS in
1999, over 50% of the salmon in Chile was vaccinated against
P. salmonis, but by 2003 the number had dropped to 17%, indicating
that the initial vaccines provided unsatisfactory protection [11].
Nowadays, there are 33 different licensed vaccines against SRS
available in Chile, where the majority are composed of P. salmonis
pre-treated with either heat or formalin, known as bacterin based
vaccines [4]. The use of bacterins for immunization of ﬁsh has
provided substantial protection against a range of pathogens,
including Edwardsiella ictaluri, Flavobacterium columnare, Vibrio
anguillarum and Yersinia ruckerii [13,14]. There are, however, cases
where the use of bacterins provides a limited protection against
bacterial pathogens, which includes P. salmonis [10,13]. As a
consequence, the Chilean aquaculture industry continues to use
large amounts of antibiotics to control aquatic diseases, which in
2014 represented 70% of the total antibiotic use in the entire
country [4]. The use of antibiotic treatment against SRS has,
nonetheless, had little success in regards to disease control, but led
to the emergence of antibiotic resistant strains of P. salmonis
[15e17]. Thus, outbreaks of SRS are still an escalating problem for
the aquaculture industry [4].
The development of new vaccines against P. salmonis is, however, challenging due to the intracellular nature of the bacteria.
P. salmonis has been shown to infect, replicate and survive within
macrophages as a part of its infection strategy. The infection process includes the formation of vacuoles within the host cells,
enabling the bacterium to avoid the ﬁsh's primary immune defense
[8,18e20]. Thus, vaccination against SRS depends on an activation
of both the antibody- and cellular-mediated immune system to
provide a sufﬁcient protection [21]. Immunization activating both
immune systems is, on the other hand, difﬁcult as it require antigens to be represented through MHC receptors of specialized cells
of the immune system [22]. Live attenuated vaccines have succeeded in activating both systems, as they in many ways mimic a
natural infection upon immunization. There is, however, a risk of
the attenuated bacterium reverting back to a virulent state, which
can pose potential environmental, industrial and economical hazards [23]. This is particularly problematic for aquaculture, due to
the potential release of a virulent strain into the ﬁsh's natural
habitat [24]. An alternative would be a non-replicating version of
the bacteria, like membrane vesicles (MVs), sharing many characteristics with live attenuated bacteria.
Membrane vesicles are 50e250 nm spherical structures,
secreted from the surface of many bacteria during all stages of
growth [25e27]. Bacterial MV secretion has been associated with
several phenotypes including bioﬁlm formation [28], bacterial
survival [29], toxin delivery [30], cell-to-cell communication [31],
and host-pathogen interactions [32]. Proteomic and biochemical
characterization has revealed that the vesicles contain a variety of
bacterial components, including proteins as well as lipopolysaccharides (LPS), DNA and RNA [33e36]. MVs have also been reported
to contain several important immunogenic factors, such as toxins
[37], chaperons [38], and active enzymes [34]. Together they
represent several aspects of the bacteria, but in a non-replicative
form. The mechanisms of the MV formation and their biological
role have, however, yet to be clearly deﬁned. Bacterial MVs have
successfully been used for epidemic control against serogroup B
meningococcal disease in Cuba, Norway, Brazil, and New Zealand
[39e42]. MVs used in vaccination of ﬁsh have also been reported to
provide protection against Edwardsiella tarda in olive ﬂounder
(Paralichthys olivaceus) [43], Flavobacterium psychrophilum in
rainbow trout (Oncorhynchus mykiss) [44], and Francisella noatunensis in zebraﬁsh (Danio rerio) [45]. MVs from P. salmonis have
been shown to be internalized by ﬁsh cell cultures, express toxicity
in adult zebraﬁsh and contain several immunogenic proteins, such

as TolC, GroEL and DnaK [46,47]. Thus, the main aim of this study
was to evaluate the potential of MVs as a vaccine candidate against
SRS using an adult zebraﬁsh model.
2. Materials and methods
2.1. Bacteria, media and growth conditions
Cultivation of P. salmonis LF-89 (type-strain ATCC VR 1361)
isolated from Coho salmon (Oncorhyncus kisutch) in Chile [5] were
routinely grown at 20  C on Eugon Chocolate Agar (ECA), containing 30.4 g/L BD Bacto TM Eugon Broth (Becton, Dickinson and
Company), 15 g/L Agar Bacteriological (Thermo Fisher Scientiﬁc)
and 5% bovine blood (Håtunalab AB) [48] or in EBFC containing BD
Bacto TM Eugon Broth supplemented with 2 mM FeCl3 (SigmaAldrich) and 1% Casamino Acids (BD) with agitation (100 rpm) for
7e10 days. The bacterial stocks were frozen in autoclaved 10%
skimmed milk (BD Difco) or in BD Bacto TM Eugon Broth supplemented with 20% glycerol (Sigma-Aldrich) and stored at 80  C.
2.2. Isolation of membrane vesicles
10 mL of exponential-growth phase cultures of P. salmonis was
used to inoculate 200 mL of EBFC. The cells were grown at 20  C
with agitation, and growth curves were measured by using optical
density reading at 600 nm until the isolates reached late
exponential-phase. OMVs were isolated as described [46]. Brieﬂy,
the bacterial cells were removed by centrifugation (10 min,
15 000 g, 4  C), and the supernatant ﬁltered sequentially through a
0.45- and 0.22 mm/pore ﬁlter in order to remove the remaining
bacterial cells. The ﬁltrate was then ultra-centrifuged sequentially
at 125 000 g at 4  C for 2 h and 125 000 g at 4  C for 30 min to
eliminate cell debris and aggregates. The MVs were resuspended in
100 mL 5 mM phosphate buffer (1:2 monobasic dihydrogen phosphate and dibasic monohydrogen phosphate) pH 6, and protein
concentration determined by a Picodrop spectrophotometer
(Picodrop Limited, UK). MV aliquots (10 mL) were spread onto ECA
plates to check for sterility, and the remaining sample was stored
at 80  C until use.
2.3. Adult zebraﬁsh rearing
10-11 months old male and female Zebraﬁsh (Danio rerio) wild
type strain AB was obtained from the model ﬁsh unit at the Norwegian University of Life Science. The ﬁsh were acclimatized to
room temperature (20 ± 2  C) two weeks prior to the experimental
setup. The ﬁsh were fed every morning with brine shrimp (Scanbur
AS) and SDS 400 Scientiﬁc Fish Food (Scanbur AS) in the afternoon.
The water was provided by the model ﬁsh unit at the Norwegian
University of Life Science and was supplemented with 0.55 g/L
Instant Ocean sea salt, 0.053 g/L Sodium Bicarbonate and 0.015 g/L
Calcium Chloride. The tanks were housed in a water-system with a
controlled temperature (20  C) and with a cycle consisting of 14 h of
light and 10 h of darkness. The ﬁsh were closely monitored, and the
animal's health recorded twice a day. Moribund ﬁsh that clearly
showed deviant behavior and clinical symptoms not consistent
with good animal welfare (greatly reduced level of activity,
response to environment and appetite), were euthanized with an
overdose of 250 mg/mL tricaine methanesulfonate (MS-222, Sigma
Aldrich). Water parameters were monitored every third day using
2
þ
commercial test kits (TetraTest kit): pH, NO
2 , NO3 , NH3/NH4 and
water hardness. All zebraﬁsh experiment was approved by NARA
(The Norwegian Animal Research Authority) and waste water
decontaminated by chlorination and tested for sterility before
disposal.
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2.4. MV immunization and P. salmonis challenge in zebraﬁsh
For the immunization experiment 65 ﬁsh per group were
anesthetized by immersion in water containing 100 mg/mL tricaine
methanesulfonate buffered with bicarbonate to pH 7e7.5 and
immunized once with either 20 mg MV in phosphate buffer or
phosphate buffer pH 6 by i.p. injection, using a 27 g needle [45,49].
After injection, the ﬁsh were immediately returned to recovery
tanks. Immunized and control ﬁsh were held in static 15 L polycarbonate tanks (Pentair), with groups of up to 35 ﬁsh per tank, in
which 50% of the water was manually changed daily. Fish that did
not resume normal behavior after the injections were removed
from the experiment and euthanized with an overdose of 250 mg/
mL tricaine methanesulfonate. The ﬁsh were challenge by i.p. injection after an immunization period of 28 days with a lethal dose
of 10^8 CFU P. salmonis. The challenge dose selected for the vaccine
experiment was chosen according our dose-response results and as
described in the literature [46,50]. Blood and organ sampling was
performed at 24 h, 14 and 28 days' post immunization (dpi) and at
24 h, 3, 7 and 28 days' post challenge (dpc). Fish for histology was
sampled at 28 days' post-immunization and 3 and 7 days' postchallenge.
2.5. Histology
For histological preparation, two randomly chosen ﬁsh from
each experimental group were sacriﬁced by an overdose of tricaine
methanesulfonate (250 mg/mL) after selected time points. The tail
was removed to facilitate inﬁltration before the ﬁsh were transferred to glass bottles containing ﬁxing solution (60% methanol,
30% chloroform and 10% acetic acid) and stored at 4  C. The preﬁxed ﬁsh was dehydrated in a graded ethanol series at 70%, 80%,
90%, 95% and 3  100% for 60 min at room temperature with
100 rpm on a rotating table. The ethanol was then replaced with
Preparation Solution (Technovit® 7100 with hardener I, according
to manufacturer protocol Heraeus Kulzer Technique) and incubated
on a rotating table at room temperature for two days. Fish were
then transferred to separate silicone moulds and 50 mL hardener II/
mL Preparation Solution was mixed and added to ﬁll the moulds.
The resin was left to harden at room temperature for 1e2 h before
samples were incubated over night at 37  C. Technovit Universal
Liquid was mixed with Technovit 3040 (Heraeus Kulzer Technique)
according to manufacturer protocol and poured into the Histoblock
placed on top of each sample and allowed to harden for 15 min
before the samples were taken out of the moulds. Sectioning to a
section thickness of 3 mm was performed with a Leica RM2245
microtome before sections were transferred to a water bath and
placed upon glass slides (TC 65 Leica disposal blades). The sections
were dried at 50  C on a HP-3 kunz instruments heating plate
before staining using hematoxylin, Schiff's reagent and an Indirect
Fluorescent Antibody Test (IFAT) (SRS-Fluorotest indirect, BiosChile
S.A). For the hematoxylin and Schiff's reagent staining, the samples
were washed in tap water for 1 min, incubated in 1% Periodic acid
(Merck Millipore) for 10 min at room temperature. Washed 3 times
in MQ water for 1 min, incubated in the dark at room temperature
for 20 min with Shiffs's reagent (Merck Millipore) and washed in
running tap water for 10 min. The samples were then stained with
hematoxylin (Merck Millipore) for 14 min at room temperature,
washed in running tap water for 10 min and in MQ water for 1 min
in before left to dry at room temperature. The IFAT staining was
preformed according to the manufactory's instructions. The sections were mounted with xylene and pertex before analysis using a
Leica ﬂuorescent Microscope DM2500 and a Leica DFC425C camera.
Images were acquired using LAS version 4.1. Histological samples of
non-infected ﬁsh were stained and used as a negative control and
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P. salmonis cells from a liquid culture used as a positive control.
Selected histological samples from infected ﬁsh were also stained
with only the secondary antibody to evaluate potential background
noise. The number of IFAT stained bacteria was determined using
Image J version 1.47 automatic particle counting of two images
from each group.
2.6. RNA isolation and quantitative real-time PCR
For RNA isolation, four randomly chosen ﬁsh from each experimental group were sacriﬁced by an overdose of tricaine methanesulfonate (250 mg/mL) at selected time points, and kidney and
spleen harvested. The organs were kept in RNAlater (Ambion) and
stored at 4  C until further processing. The tissue was homogenized
in 600 mL with buffer RLT (supplemented in RNeasy Mini Kit,
QIAGEN) using a mortar and pestle (Sigma-Aldrich), followed by
passing the lysate through a blunt 20 gauge needle ﬁtted to a small
1 mL syringe (BD). Total RNA was extracted using the QIAGEN
RNeasy kit according to the manufactures instructions, including a
15 min on-column DNase treatment using an RNase-free DNase set
(QIAGEN). The RNA was diluted in 30 mL RNase-free H2O (QIAGEN).
RNA quantity and quality was measured with a Picodrop spectrophotometer. Reverse transcription reaction was performed by using
High Capacity RNA to cDNA kit (Applied Biosystems). Quantitative
real-time PCR (RT-qPCR) was carried out for each of the sampling
points for a deﬁned set of genes. These included major histocompatibility complex II (zgc:10370), cluster of differentiation 40 (cd40),
tumor necrosis factor alpha (tnfa), suppressors of cytokine
signaling 3b (socs3b), immunoglobulin M (ighm), macrophage
expressed gene 1, tandem duplicate 1 (mpeg1.1), myeloperoxidase
expression (mpx) and the four interleukins: il1b, il6, il8 and il10.
QuantiTec bioinformatically validated primers were obtained from
QIAGEN for most of the genes used; the remaining primers were
obtained from Life Technologies Inc. Primers are listed in Table S1.
RT-qPCR was performed in triplicates using a Lightcycler® 480
(Roche) as previously described [48]. 18S ribosomal RNA
(zgc:158463) and Elongation factor-1 alpha (eef1a111) were used as
reference genes for the normalization of the relative transcription
levels of each gene. The normalized immune response data of MV
injected ﬁsh was standardized against the transcription levels of
phosphate buffer injected ﬁsh prior to challenge. After challenge
the immune response data for both the MV and phosphate buffer
group were standardized against the transcription levels of phosphate buffer injected ﬁsh the day before challenge.
2.7. Serum isolation
For serum isolation, four randomly chosen ﬁsh from each
experimental group were sacriﬁced by an overdose of tricaine
methanesulfonate (250 mg/mL) atselected time points, and blood
harvested as previously described prior to organ harvest [51]. In
short, the caudal ﬁn was removed using a scalpel, and each ﬁsh
transferred with the wound point down, to a 0.5 mL Eppendorf
tube that had been perforated with a sharp needle. The 0.5 mL tube
was then placed in a new 1.5 mL tube and centrifuged at 500 rpm
for 3 min, followed by re-cutting the tail in order to remove coagulated blood and the sample centrifuged one more time. The blood
was then left to coagulate at room temperature for 1 h, followed by
a 10 min centrifugation at 3000 rpm in order to separate the cells
and plasma. The serum was then collected and stored at - 20  C
until further processing.
2.8. Immunoblot analysis of zebraﬁsh serum
Immunoblot analysis was used to detect the presence of the
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heavy chain of zebraﬁsh IgM in serum from both MV immunized
and phosphate buffer injected ﬁsh. Prior to immunoblot analysis
the protein concentration of the serum samples was measured
using a Picodrop spectrophotometer. The samples where then
diluted to ~5 mg of zebraﬁsh serum protein before a standard SDSPAGE procedure was used [52]. Brieﬂy, 20 mL of diluted serum was
separated on a 4e15% Mini-PROTEAN gel (Bio-Rad). Proteins were
transferred to a nitrocellulose membrane and unbound sites were
blocked with 5% dry skimmed milk in TBS-T (Tris buffered saline
with 0.1% Tween-20) for a minimum of 1 h. The blots were then
incubated at room temperature with 1000-fold diluted rabbit antiCH4 zebraﬁsh IgM (kindly given by the Dr. Julio Coll) for 24 h before
three wash cycles with TBS-T. The membrane was then incubated
with 5000-fold diluted anti-rabbit horseradish peroxidaseconjugated IgG (Santa Cruz) for 1 h at room temperature and
washed three times with TBS-T. Finally, the bands were visualized
by chemiluminescence with a Luminata Crescendo Western HRP
substrate (Millipore) in a CHEMI Genius Bio Imaging System
(SYNGENE). Control of protein load for western blot analysis was
preformed using Ponceau S (Fig. S1).
2.9. Statistical analysis
Statistical analysis of the data sets was performed using
Graphpad Prism 7 (GraphPad Software Inc., La Jolla, CA, USA).
Kaplan Meier survival curves were used for analyzing percent
survival and differences between groups were deemed statistically
signiﬁcant if p-value < 0.05 using Gehan-Breslow-Wilcoxon test
and Log-rank test. Differences in transcription between groups
were deemed statistically signiﬁcant if p < 0.05 after using unpaired two-tailed Student's t-test assuming unequal variance.
3. Results
3.1. Outer membrane vesicles protect adult zebraﬁsh challenged
with Piscirickettsia salmonis
To evaluate the ability of the MVs isolated from P. salmonis to
protect zebraﬁsh from SRS, adult zebraﬁsh was immunized with a
dose of 20 mg MV or 20 mL phosphate buffer. Four weeks after immunization both groups were challenged with P. salmonis LF-89 of
1  108 CFU. In the MV immunized group a signiﬁcantly reduced
mortality was seen after challenge compared to the phosphate
buffer injected group (Fig. 1A). The MV immunized group had an
84.2% survival at the end of the experiment (28 dpc), in contrast to
21.42% survival in the phosphate buffer group. However, the formation of granuloma-like structures was observed in both phosphate buffer injected and MV immunized ﬁsh at 3 and 7 dpc
(Fig. 1B, III-VI). The granuloma-like structures were mainly found in
the liver, located adjacent to the intestine. Pathologic processes
were not found in control or immunized ﬁsh the day before challenge, 28 dpi, suggesting that the granulomas revealed in histology
sections at 3 and 7 dpc are derived from the challenge dose. The
anatomy of non-infected zebraﬁsh is shown in Fig. 1B, I and II. The
bacterial load after challenge was investigated by IFAT staining of
histological sections (Fig. 2). Image analysis of IFAT stained sections
showed that the P. salmonis was able to migrate from the initial
injection site at the peritoneum and survive within the infected
ﬁsh. Fish processed for histology 3 days after challenge (dpc) displayed positive staining for the bacterium in close proximity to the
intestine, near the peritoneum (Fig. 2A, I and II). The bacterial load
were similar in both MV immunized and phosphate buffer injected
ﬁsh at 3 dpc (Fig. 2B). Analysis of histology section 7 dpc, did
however, display a difference in bacterial load between the MV and
phosphate buffer group, based on the IFAT staining (Fig. 2A, III and

IV). The majority of the bacterium were in both cases still strongly
associated with organs in close proximity to the intestine, but a
larger number of bacterium were positive for the IFAT staining in
the phosphate buffer injected ﬁsh compared to the MV immunized
ﬁsh at 7 dpc (Fig. 2B).
3.2. Immune gene response upon vaccination with P. salmonis
membrane vesicles
When investigating the immune gene response, the main alterations in the gene transcription levels were observed in kidney,
while the transcription level was in general lower in spleen for the
genes investigated. However, both kidney and spleen transcription
levels of the pro-inﬂammatory cytokine il6 were signiﬁcantly
higher in the phosphate buffer injected ﬁsh compared to the MVs
immunized ﬁsh at 3 and 7 dpc (Fig. 3). The MV immunized ﬁsh, on
the other hand, had a signiﬁcant upregulation of il6 at 1, 14 and 28
dpi in spleen, and at 1 dpi in kidney compared to the phosphate
buffer injected ﬁsh. The anti-inﬂammatory cytokine il10 was
upregulated at 1 and 3 dpc in kidney of phosphate buffer injected
ﬁsh, and at day 14 dpi and day 1 dpc in spleen of MV immunized
ﬁsh. A similar il1b transcription response were shown in both
phosphate buffer injected and MV immunized ﬁsh after challenge,
but a signiﬁcant upregulation was seen at 1dpi in kidney and at 3
dpi in spleen for the MV immunized ﬁsh. In spleen, only a minor but
signiﬁcant upregulation of tnfa was observed at 14 dpi for the MV
immunized ﬁsh. The transcription level of tnfa was, on the other
hand, increased in kidney for both groups. For the MV immunized
ﬁsh tnfa was upregulated at all time points except 1 dpi, and
signiﬁcantly higher than the phosphate buffer injected ﬁsh at 14
and 28 dpi, in addition to 3 dpc. At 7 and 28 dpc the tnfa transcription level was signiﬁcantly higher in phosphate buffer injected
ﬁsh. The mpeg1.1 transcription levels in the spleen were, as with
tnfa, low for both groups through the experiment. Interestingly the
MV immunized ﬁsh had a signiﬁcantly higher transcription level of
mpeg1.1 in kidney at all time points compared to the phosphate
buffer injected ﬁsh. The transcription level of mpeg1.1 in the kidney
of phosphate buffer injected ﬁsh was in general shown to be low
through the experiment, and only a small upregulation was
observed after infection. No signiﬁcant difference was observed in
either kidney or spleen for the remaining genes analyzed (il8, ighm,
mpx, socs3b, cd40 and zgc:10370). The t-test results of immune gene
transcription between phosphate injected and MV immunized ﬁsh
before and after challenge are shown in Table S1.
3.3. Detection of zebraﬁsh immunoglobulin M in serum
In order to study the humoral response against P. salmonis, a
polyclonal rabbit antibody against the zebraﬁsh IgM heavy chain
was used to detect the corresponding IgM in serum from zebraﬁsh
at different time points (Fig. 4). The antibody conﬁrmed the presence of IgM by immunoblot analysis in pooled serum from zebraﬁsh (n ¼ 4) both before or after challenge. Based on this analysis,
there is an increased IgM secretion in the MV immunized ﬁsh
compared to the phosphate buffer injected ﬁsh at 1, 14 and 28 dpi.
After challenge the phosphate buffer injected ﬁsh did, on the other
hand, display an increased secretion of IgM. Thus, ELISA analysis
was preformed to detect the speciﬁc response against P. salmonis
(Fig. S2). Based on the ELISA analysis, no difference were observed
between the two groups after immunization, but for day 1, 3 and 7
after challenge the MV immunized ﬁsh displayed a higher degree of
P. salmonis speciﬁc IgM compared to the phosphate buffer injected
ﬁsh. The difference was, however, non-apparent at 28 days after
challenge. Due to welfare reasons and a limited serum volume, it is
important to notice that the IgM data only represent a pool of four
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Fig. 1. Adult zebraﬁsh immunized with membrane vesicles and subsequently challenged with Piscirickettsia salmonis. (A) Cumulative survival (%) of adult zebraﬁsh
immunized with 20 mg of MVs isolated from LF-89 or injected with phosphate buffer before challenged with P. salmonis 1  108 CFU (n ¼ 65). (B) Histological sections from noninfected ﬁsh (I-II), ﬁsh injected with phosphate buffer (III-IV) and ﬁsh immunized with MVs (V-VI) at 3 and 7 days' post challenge (dpc), 10 magniﬁcations, hematoxylin and
Periodic acid Schiff's staining. Int: intestines, L. liver, arrows indicate the formation of granuloma-like structures.

ﬁsh for each time point and the analysis, is thus, restricted to a
single replicate.
4. Discussion
The use of MVs for immunization against SRS has not previously
been reported. In order to evaluate MVs as a potential vaccinate

candidate against P. salmonis adult zebraﬁsh was used as an
infection model. Zebraﬁsh has over the last decades become an
important model for vertebrate development, and in recent years
the model of choice for studies of both infectious diseases and
immunology [53,54]. Due it's to short breeding time, small size and
available genetic tools, the zebraﬁsh offers an important bridge
between cell lines and higher vertebrates [55]. In the present study,
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Fig. 2. Indirect Fluorescent Antibody Test of histological sections from adult
zebraﬁsh immunized with membrane vesicles and subsequently challenged with
Piscirickettsia salmonis. (A) Identiﬁcation of P. salmonis by Indirect Fluorescent
Antibody Test (IFAT; green) at 3 (I-II) and 7 dpc (III-IV). Bacterial cells positive for IFAT
staining are marked with arrowhead, 100 magniﬁcations. (B) Image analysis using
Image J automatic particle count of histological sections stained with IFAT at 3 and 7
dpc for quantiﬁcation of the bacterial load. Results are presented as meanþ/-SD.
Asterisk indicate signiﬁcant difference in particle count p < 0.05, two tailed unpaired Student's t-test (n ¼ 2).

we show that MVs isolated from P. salmonis are able to protect
zebraﬁsh from subsequent challenge with a lethal dose of the
bacterium. The overall survival of the zebraﬁsh increased with

62.8% when ﬁsh were immunized with MVs compared to ﬁsh
injected with phosphate buffer. Analysis of immune related genes
in the ﬁsh, did however, display an increased il1b expression in
kidney and spleen samples at 1 and 14 days post immunization
with MVs, respectively. Interleukin 1b is one of the most powerful
pro-inﬂammatory cytokines and its expression is regulated
together with il18 though the activation of inﬂammasomes,
including NLRP3 [56]. We have preciously shown that MVs from
P. salmonis is associated with zebraﬁsh leucocytes, thus they could
potentially be taken up by macrophages during immunization of
zebraﬁsh, leading to the il1b gene expression [46]. The internalization of MVs can also trigger an immune response important for
subset protection against SRS as il-1b is an important mediator of
neutrophil recruitment, cytokines and chemokines induction, and
the stimulation of adaptive immunity like the Th17 response [57].
However, no signiﬁcant difference was observed between the il1b
expression of MVs immunized and phosphate buffer injected ﬁsh
after challenge. A similar upregulation was also shown for tnfa,
having an increased gene expression at 14 and 28 dpi in the kidney
of MV immunized ﬁsh, but only a limited difference between the
MV immunized and the phosphate buffer injected ﬁsh were identiﬁed at 1, 3 and 7 dpc. TNFa is an important pro-inﬂammatory
cytokine involved in both early and acquired immune response,
and is secreted by activated immune cells [58]. The release of TNFa
has been shown to promote increased respiratory activity, macrophage activity, phagocytosis and nitric oxide production in ﬁsh [59].
Thus, an upregulation of tnfa after immunization with MVs might
promote increased macrophage activity resulting in a reduction of
the bacterial infection [60].
Several of the genes investigated displayed signiﬁcant difference
between MV immunized and phosphate buffer injected ﬁsh,
including il10, il6 and mpeg1.1. The expression of il10 was recently
shown to be upregulated in a RTS-11 monocyte/macrophage cell
line from Oncorhynchus mykiss upon P. salmonis infection, promoting the bacterial survival inside the cell through macrophage
inactivation [61]. Furthermore, an upregulation of il10 has been
shown to promote the intracellular survival of several pathogens,
including Mycobacterium tuberculosis and Francisella tularensis
[62,63]. MV immunized ﬁsh displayed a signiﬁcant lower il10 gene
expression in kidney at 1 and 3 dpc compared to ﬁsh injected with
phosphate buffer, which could indicate a reduced survival of the
bacterium in the MV immunized ﬁsh. A reduced bacterial load was
also shown in MV immunized ﬁsh compared to phosphate buffer
injected ﬁsh by histological analysis. Interleukin 10 is an important
anti-inﬂammatory cytokine known to regulate the immune
response by blocking chemokine receptors, minimizing damage
caused by an excessive release of pro-inﬂammatory cytokines
[64,65]. In the present study, il10 were shown to be upregulated at 1
dpc in MV immunized ﬁsh, followed by a decrease of the proinﬂammatory genes tnfa and il1b from 3 to 28 dpc. This could
indicate a quick protective response in immunized ﬁsh, leading to a
reduction of the inﬂammatory response and the bacterial infection,
as proposed by others [65,66]. In contrast, an increased gene
expression was observed at the same time for tnfa and il1b in
phosphate buffer injected ﬁsh, indicating reduced inﬂammatory
regulation potentially caused by the bacterial infection. The gene
expression of il6 was shown to be signiﬁcantly higher in the kidney
of phosphate buffer injected ﬁsh at 3, 7 and 28 dpc compared to MV
immunized ﬁsh. Increased gene expression of il6 has, as with il10,
been shown to promote bacterial survival inside cells, but though
iron regulation [67]. Increased secretion of il6 has been reported to
recruit Hepcidin, a protein known to bind to the exporter ferroportin (Fpn), leading to the internalization and degradation of Fpn.
The loss of cell surface Fpn also leads to increased intracellular iron,
particularly in macrophages that are continuously obtaining iron
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Fig. 3. Immune gene transcription in adult zebraﬁsh immunized with membrane vesicles and subsequently challenged with Piscirickettsia salmonis analyzed by RT-qPCR.
Immune gene expression of kidney and spleen isolated 1, 14 and 28 days' post immunization (dpi) and 1, 3, 7 and 28 days' post challenge (dpc) from ﬁsh immunized with either
20 mg OMVs isolated from LF-89 or injected with phosphate buffer (control) and challenged with P. salmonis 1  108 CFU. Results are presented as meanþ/-SD. Asterisk indicate
signiﬁcantly upregulated genes compared to the non-challenged control p < 0.05, two tailed unpaired Student's t-test (n ¼ 4).
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Fig. 4. IgM secretion in zebraﬁsh immunized with membrane vesicles and subsequently challenged with Piscirickettsia salmonis. Detection of zebraﬁsh IgM in serum of
zebraﬁsh immunized with 20 mg of MVs isolated from LF-89 or injected with phosphate buffer (PB) before challenged with P. salmonis 1  108 CFU at 1, 14 and 28 days' post
immunization (dpi) and 1, 3, 7 and 28 days' post challenge (dpc).Immunoblot analysis of IgM heavy chain (84e86 kDa), M: molecular weight marker in kilo Daltons (kDa).

from senescent red blood cells [68]. Iron acquisition has, furthermore, been shown to be important for the intercellular growth and
survival of P. salmonis, and studies of infected Atlantic salmon reported an increased resistance to SRS in ﬁsh able to limit iron
availability to the bacterium [69,70]. Thus, a decreased gene
expression of il6 in MV immunized ﬁsh could limit the bacterium's
iron availability, thereby also limiting the infection.
Interestingly the biggest difference in gene expression level
between phosphate buffer injected and MV immunized ﬁsh was
observed for mpeg1.1, being signiﬁcantly higher in the MV immunized ﬁsh at all time points investigated. Mpeg is in general
considered an important macrophage marker in zebraﬁsh, used for
both ﬂuorescent labeling and gene expression studies [71,72]. The
mpeg1.1 gene encodes a perforin-like protein, suggested to be a
pore-forming protein involved in the clearance of intracellular
pathogens by promoting the phagosome-lysosome fusion [73]. The
Mpeg1.1 protein has also been shown to have antimicrobial activity
in zebraﬁsh, and mpeg1.1 knock down zebraﬁsh mutants reported
to display increased bacterial burden upon challenge with Mycobacterium marinum [74]. Thus, an upregulation of the mpeg1.1 gene
in MV immunized ﬁsh indicates an increased macrophage response
to both the MVs and the bacterium. In contrast, a low expression of
the mpeg1.1 gene in phosphate buffer injected ﬁsh upon challenge
might be a result of the bacterium's intracellular lifestyle, avoiding
the phagosome-lysosome fusion. Moreover, zebraﬁsh infected with
M. marinum have been shown to display a decreased expression of
mpeg1.1, indicating that the mpeg1.1 gene expression levels could be
affected by bacterial infections [74,75]. However, as the infection
mechanism of P. salmonis is yet to be fully investigated, further
studies are needed to conﬁrm the indications given by the immune
gene expression observed in zebraﬁsh upon immunization and
challenge. The immune gene expression in combination with the
histology data, do however, indicate a reduced degree of P. salmonis
infection in zebraﬁsh after immunization with MVs as compared to
ﬁsh injected with phosphate buffer.
Moreover, serum analysis from the ﬁsh did show an IgM
response to both the MV immunization and the subsequent challenge. IgM is in general considered as the ﬁrst line of defense during
microbial infections as well as the ﬁrst antibody produced upon
immunization in mammals [76]. IgM has been recognized as an
important antibody in the teleost immune system, being the most
ancient and only isotype conserved in all jawed vertebrates. IgM is

manly found in teleost blood and serum, and are in adult ﬁsh the
dominant isotype expressed by both primary and secondary
lymphoid organs [77e79]. A speciﬁc immune response upon
vaccination or challenge can also be measured based on the IgM
response in ﬁsh, and IgM antibody titers has been shown to increase signiﬁcantly following immersion vaccination against
enteric redmouth disease [79,80]. Thus, the speciﬁc IgM production
against P. salmonis detected by ELISA analysis of serum from ﬁsh
immunized with MVs might indicate a protective effect induced by
the vesicles. However, as P. salmonis is an intracellular pathogen,
and IgM a part of the humoral immune system, it can be discussed
to what degree IgM promotes a protective effect [78]. Nonetheless,
it has been shown that IgM might be an important factor in
vaccination in mammals, and that the synergy between antibodies,
cytokines and phagocytes are an important part in clearing bacterial infections [76,81]. Due to the miniscule amount of serum
possible to obtain from zebraﬁsh it is important to notice that the
ELISA data is based on one replicate only and it would be of high
interest to evaluate the response in a salmon host.
In the present study, several immunological components were
shown to be activated upon immunization with MV derived from
P. salmonis, indicating a potential use of bacterial derived vesicles
for vaccination in aquaculture. It has previously been described that
adult zebraﬁsh is susceptible to P. salmonis outer membrane vesicles [46]. However, as P. salmonis is an intracellular pathogen,
residing within the host's immune cells upon infection, the bacterium has a limited availability for antibody recognition by the immune system [82]. Thus, vaccination can be problematic as is relies
on memory T-cells, which upon encounters with speciﬁc antigens
will activate a defense system [83]. The activation of memory Tcells was not investigated in the present study, and will be interesting to examine in the future. However, as P. salmonis MVs has
been shown to be internalized by leukocytes and in many ways is a
small non-replicating copy of the bacteria, they could mimic a
natural infection upon immunization [46]. Thus, MVs represents an
interesting alternative for immunization against SRS, potentially
activating the antibody- and cellular-mediated immune system. As
P. salmonis has been shown to secret MVs when residing inside
cells, the vesicles could potentially be broken down and represented by the cell though MHC class I. Thus, successful immunization using MVs could lead to a CD8þ T cell mediated destruction
of the P. salmonis infected cells [22, 84, 85]. However, further
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studies are needed to evaluate the vaccine potential of the MVs and
their mechanism of action. As P. salmonis mainly infect salmon, the
protective effect should also be investigated using the bacterium's
natural host.
5. Conclusion
In summary, MV isolated from P. salmonis was shown to induce a
protective effect against SRS in an adult zebraﬁsh infection model,
and several immune related genes were upregulates after immunization. Thus, MVs for vaccination represents an interesting
candidate for immunization against P. salmonis.
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Table S1. Primers used for RT-qPCR in this study
Gene name

Gene
symbol

Forward
primer

Reverse
primer

Product
size

Accession
number

Reference

Eukaryotic translation
elongation factor 1
alpha 1, like 1

eef1α111

CTT CTC AGG
CTG ACT GTG C

CCG CTA GCA
TTA CCC TCC

358 bp

NM_131263.1

[1]

18S rRNA

zgc:158463

GCC TGC GGC
TTA ATT TGA
CT

ACC ACC CAC
AGA ATC GAG
AAA

98 bp

NM_001098396

[2]

interleukin 1, beta

il1b

QuantiTect Primer Assay Dr_il1b_1_SG

111 bp

NM_212844

QIAGEN Cat #
QT02063565

interleukin 6

il6

TCA ACT TCT
CCA GCG TGA
TG

TCT TTC CCT
CTT TTC CTC
CTG

73 bp

NM_001114318

[3]

interleukin 8

il8

QuantiTect Primer Assay Dr_il8_1_SG

147 bp

XM_001342570

QIAGEN Cat #
QT02108190

interleukin 10

il10

QuantiTect Primer Assay Dr_il10_1_SG

144 bp

NM_001020785

QIAGEN Cat #
QT02063922

immunoglobulin M

ighm

GAAGCCTCCAA
TTCTGTTGG

CCGGGTAAAC
ACATGAAG

147 bp

AY643751

[4]

tumor necrosis factor a

tnfa

QuantiTect Primer Assay Dr_tnfa_1_SG

81 bp

NM_212859

QIAGEN Cat #
QT02097655

myeloperoxidase
expression

mpx

TGATGTTTGGTT
AGGAGGTG

161 bp

NM_212779

[5]

suppressor of cytokine
signaling 3b

socs3b

123 bp

NM_213304

QIAGEN Cat #
QT02068724

macrophage expressed
1, tandem duplicate 1

mpeg1.1

TAC AGC ACG
GGT TCA AGT
CCG T

ACT TGT GAT
GAC ATG GGT
GCC G

187 bp

NM_212737

[6]

TNF receptor
superfamily member 5

cd40

AGA GTT GCC
GTT AAA GGT
TC

TTC TCC GTA CTC
ACA TTT GG

123 bp

NM_001145246

[7]

major
histocompatibility
complex class II

zgc:10370

TGA CTC AAC
TGT CCG TGA
TA

CCA TTA GCC
ATC TCC ATA
GTG

195 bp

NM_001005943

[8]

GAGCTGTTTT
CTGTTTGGTG

QuantiTect Primer Assay
Dr_socs3b_1_SG
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Enzyme-linked immunosorbent assay of zebrafish IgM
Enzyme linked immunosorbent assay (ELISA) was used to identify specificity of IgM against
P. salmonis. Prior to ELISA the proteins concentration was measured and the serum samples
diluted as described above. A 96-well plate was coated with 50 μL/well 0.05% (w/v) poly-Llysine in coating buffer (1.59 g/L Na2CO3 and 2.93 g/L NaCHO3 in distilled water, pH 9.6) for
1 hour, and the plate washed two times with a low salt buffer (24.2 g/L Trisma base, 222.2
g/L NaCl, 1g/L Merthiolate and 5 mL/L Tween 20 in distilled water, pH 7.3). After washing,
100 μL of P. salmonis (OD600 = 2) resuspended in PBS was added to the wells, and the plate
incubated over night at 4qC. The next day, the wells were washed three times with the low
salt buffer and non-specific binding sites blocked with 250 μL/well of 1% (w/v) bovine serum
albumin (BSA) for 2 hours at room temperature. The wells were washed three times with the
low salt buffer, and 100 μL/well of pre-diluted serum (1:100) was added and the plate
incubated over night at 4qC. The wells were washed with a high salt buffer (24.2 g/L Trisma
base, 292.2 g/L NaCl, 1 g/L Merthiolate and 10 ml/L Tween 20 in distilled water, pH 7.7) five
times, where the last wash was left to incubate for five minutes at room temperature. 100 μL
of the rabbit-anti CH4-IgM zebrafish antibody (1:500 in 1% (w/v) BSA) was added to the
wells and the plate incubated for 1 hour at room temperature. After the incubation, the wells
were washed with the high salt buffer as described above, and 100 μL of anti-rabbit HRP
(Santa Cruz) diluted 1:1000 in conjugate buffer (1 g BSA in 100 mL low salt buffet) was
added and the plate incubated for one hour at room temperature. The wells were then washed
with the low salt buffer and 100 μL of substrate buffer (1 mg 3’3’5’5’-Tetramethylbenidine
dihydrochloride, 0.05 M phosphate-citrate buffer, pH 5.0 and 0.006% H2O2) was added and
the plate incubated for 10 minutes at room temperature. After 10 minutes the reaction was
stopped by adding 50 μL of stop solution (2M H2SO4 in distilled water) and the absorbance
measured at 450 nm using a CLARIOstar® plate reader (BMG LABTECH). Wells containing

substrate buffer and stop solution was used as blank to correct potential noise in the serum
samples.

Fig. S1: Ponceau S stain of serum samples from adult zebrafish immunized with membrane
vesicles and subsequently challenged with Piscirickettsia salmonis.

Fig. S2: Specific IgM titer against P. salmonis assayed by ELISA. Detection of antiP. salmonis IgM in serum of zebrafish immunized with 20 μg of MVs isolated from LF-89 or
injected with phosphate buffer (PB) before challenged with P. salmonis 1 × 108 CFU at 1, 14
and 28 days' post immunization (dpi) and 1, 3, 7 and 28 days' post challenge (dpc). The data
represent a single replicate consisting of a pool of serum from four individual fish.

Table S2: T-test results of immune gene transcription between phosphate injected and MV
immunized fish before and after challenge.
Kidney
il8

il1b

tnfa

il10

socs3b

mpeg1.1

mpx

zgc:10370

cd40

ighm

il6

1 dpi

0,832872

0,0005928

0,2981

0,214575

0,374711

0,021848

0,359496

0,506597

0,186849

0,02548

0,000974

14 dpi

0,000276

0,331864

0,005308

0,027042

0,044746

0,00274

0,254325

0,720072

0,003179

0,725766

0,706146

28 dpi

0,099764

0,046492

0,046663

0,921351

0,10291

0,859274

0,175415

0,274577

0,569033

0,06678

0,072585

1 dpc

0,808276

0,181091

0,808276

0,045794

0,181091

0,005971

0,401626

0,135126

0,010738

0,186762

0,889487

3 dpc

0,508651

0,831813

0,508651

0,037281

0,831813

0,002288

0,834036

0,219914

0,212276

0,306822

0,03372

7 dpc

0,391456

0,06593

0,061456

0,67811

0,03593

0,012511

0,838871

0,009845

0,765393 0,0088859

0,012732

28 dpc

0,191139

0,192647

0,021139

0,078296

0,192647

0,029522

0,403561

0,981136

0,095129

0,619572

0,012274

mpx

zgc:10370

cd40

ighm

il6

Spleen
il8

il1b

1 dpi

0,003891

14 dpi

0,000399

0,005017

28 dpi

0,272847

1 dpc

tnfa

il10

socs3b

mpeg1.1

0,20326156 0,224322 0,06394558 0,014117 0,24767427

0,010748

0,98782887 0,661096 0,91640166

0,000225

0,003633 3,6905E-05 0,037809

0,002367

0,007125

0,404404

0,011616

0,793792

0,001175

0,0436

0,795395

0,949457

0,476957

0,060241

0,948732

0,247629

0,950536

1,3308E-05

0,84856

0,1043763

0,84856

0,2180135 0,104376 0,1688429

0,173236

3 dpc

0,648756

0,83674

0,648756

0,801387

0,83674

0,437095

0,415003

0,024722

0,822473

0,20113

0,033524

7 dpc

0,149958

0,48578

0,149958

0,100899

0,48578

0,044947

0,824562

0,001645

0,018103

0,564446

0,130821

28 dpc

0,087655

0,078018

0,087655

0,060358

0,078018

0,012248

0,01069664

0,001684

0,082656

0,498936

0,008

0,355578

0,74066832 0,604858 0,29014975

0,26132

