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GENERAL INTRODUCTION

General introduction
Rainbow trout (Oncorhynchus mykiss) represents the third most produced species between
diadromous species. In 2009, the total production was more than 0,732 million tonnes and
more than one third of this production comes from Europe. Germany is the fifth biggest
producer in Europe, producing 21 thousand tonnes of rainbow trout in the value of 6,1
million Euro in 2009.
In intensive aquaculture fish are kept at densities more than 1000 times higher than in
natural conditions. This, besides the environmental impacts, induces stress and disease
susceptibility in fish.

Therefore, cultured trout is prone to many disease-causing

organisms including bacteria, parasites, viruses and fungi which account for high
economic losses.
The Gram-negative bacterium, Aeromonas salmonicida subsp. salmonicida, represents
one of the highest economic threats for salmonids aquaculture worldwide. Owing to its
importance, several strategies have been developed to protect the fish. Nevertheless,
traditional methods such as prophylactic treatment with antibiotics or vaccination, are
either laborious or represent potential risk for the environment. Possible solution
represents the selective breeding for increased disease resistance, which is especially
favourable to fish, due to their high fecundity and relatively short breeding cycle.
Eventually, breeding in the brackish waters of Baltic Sea resulted in the emergence of
novel trout strain exhibiting better adaptation to the brackish environment and reduced
mortality in the infection with A. salmonicida. Later, absence of information about the
fundaments of this phenomenon raises scientific interest and initiates a project elucidating
the adaptations of the immune system favouring increased survival to the bacterial
diseases.
Since the peritoneal infection is considered a generally accepted model for furunculosis
the experiments were focussed on the unique environment of the peritoneal cavity, to
investigate the reaction of resident peritoneal leukocytes against invading pathogen and
characterize immune mechanisms crucial for the infection outcome.
In presented work, the results were parted into two sections, to simplify the complexity of
the data. Thus, in the first result chapter (Chapter 3), the peritoneal cavity has been
described as a unique niche of teleost immune system and the kinetic of peritoneal
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leukocytes induced by stimulation has been analysed. Furthermore, a unique set of
monoclonal antibodies has been used to evaluate the contribution of distinct cell
populations on the inflammation and its resolution. Finally, an established model of
peritoneal inflammation has been used for the comparative study of disease resistance in
teleost fish using two distinct strains of rainbow trout. Obtained data represent not only
the first detailed description of the peritoneal inflammation in fish, but provide the first
insights on the processes underlining increased resistance towards pathogen. The
discussion of observed findings with the current knowledge from teleost immunology and
its similarity with the immunology of mammals is provided in Chapter 4.
In the second part of the study, the transcriptional changes have been investigated to
elucidate molecular mechanisms underlining dramatic changes in the cell kinetic.
Obtained results provided novel insights into the local immune response focusing directly
at the population of peritoneal leukocytes and moreover it identifies key differences
between susceptible and resistant trout (Chapter 5). Finally, Chapter 6 discusses
transcriptional changes in the light of cellular processes during the inflammation and
offers an unparalleled picture of the peritoneal inflammation in early vertebrates revealing
potential fundaments of the disease resistance in teleost fish.
Taken together, the presented work provides novel insights on three major levels:
1) General observations common to all treatments in both strains disclosing the
similarity of the peritoneal inflammation from the evolutionary perspective
2) Key differences between antigenic stimulation and infection with the potential to
provide better information for vaccine formulation
3) Investigation of disease resistance in rainbow trout identifying key aspects
favouring higher resistance and providing valuable information for future breeding
programs
Finally, the so far unprecedented combination of molecular and functional data depicted
the immune system in its complexity without any unnecessary simplification omitting its
complex nature and should be therefore followed in future studies.

VI

LIST OF ABBREVIATIONS

List of abbreviations
The following list embodies all abbreviations used in presented manuscript listed in
alphabetical order.
µMT

B cell deficient mice

ANGT

Angiotensinogen

APC

Antigen presenting cell

B7-H3

B7 homolog 3

BCR

B cell receptor

BLC

B lymphocyte chemoattractant

BPI
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days post injection
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VII

LIST OF ABBREVIATIONS
IFNγ

Interferon gamma

IgA
IgM
IgT

Immunoglobulin A

IL10

Interleukin-10

IL17D

Interleukin-17D

IL18

Interleukin-18

IL-1RL

Interleukin 1 receptor-like, type I

IL1β

Interleukin-1 beta

IL8

Interleukin-8

IL-R2

Interleukin-1 receptor-like 2

iNOS

Inducible nitrc oxide synthase

LEAP-1

Liver expressed antimicrobial peptide-1

LPS

Lipopolysaccharide

mAb

monoclonal antibody

MAC-1

Macrophage-1 antigen

MAS

Marker asssisted sellection

MCP-3

monocyte chemoattractant protein - 3

MHC

Major histocomatibility complex

MICA/B

MHC class I chain-related protein B

MMP13

Collagenase 3

MMP2

Gelatinase A

MMP9

Gelatinase B

Mx1

Myxovirus resistance 1

Mx3

Myxovirus resistance 3 protein

MYD88

Myeloid differentiation factor 88

MZ B cell

Marginal zone B cell

NCF1

Neutrophil cytosolic factor 1

NO

Nitric oxide

NRAMP

Natural resistance-associated macrophage protein

NUDE

T cell deficient mice

PAMP

Pathogen-associated molecular pattern

PBS

Phosphate buffered saline

PECAM-1

Platelet endothelial cell adhesion molecule-1

PFA

Paraformaldehyde

poly I:C

Polyinosinic:polycytidylic acid

PRR

Pattern recognition receptors

PUFA

polyunsaturated fatty acids

RAG-1

Recombination activating gene 1

RPE

R-Phycoerythrin

RPM

Rotation per minute

SAA5

Serum amyloid A-5 protein

SLC11

Solute carrier family 11

SSC-H

Side scatter - heigt

VIII

Immunoglobulin M
Immunoglobulin T

LIST OF ABBREVIATIONS
TCRα

T cell receptor α chain

TGFβ

Transforming growth factor beta-1

Th1

T helper cells 1

Th17

T helper cells 17

Th2

T helper cells 2

TIR

Toll/IL-1 receptor homology domain

TLR

Toll-like receptor

TLR13

Toll-like receptor 13

TLR5

Toll-like receptor 5

TLR8

Toll-like receptor 8

TLR9

Toll-like receptor 9

TNFα

Tumor necrosis factor alpha

Treg

Regulatory T cells

TRF

Transferrin

IX

LIST OF ABBREVIATIONS

X

INTRODUCTION

1. Introduction
Fish has been an important source of proteins in the human diet throughout recorded
history, and its popularity was further increasing after discovery of the potential effect of
fish proteins on health. During past decades fish were recognized for their high content of
proteins, presence of minerals and vitamins and most importantly a high content of longchain polyunsaturated fatty acids (PUFA). Positive effect of these substances on human
health has been well documented by a number of publications (Kris-Etherton et al., 2002;
Din et al., 2004; Domingo et al., 2007). The increasing popularity of fish meat together
with other factors such as growing earth population, led to an escalation of demands on
the supply of the fish products, which was initially compensated by increased capture
production. As a consequence, most of the top ten marine species are nowadays fully
exploited by capture fishing and has no potential for further increase in the production.
Furthermore, a number of fish species qualified as overexploited increased during last 40
years from 10% in 1974 to 32 % in 2008, while moderately or underexploited is recently
only 10% of all fish species (Figure 1). Nevertheless devastating impacts of our appetite
on marine ecosystems have been realized and the capture production is during the last
decade stagnating and fish production in aquaculture is aiming on the importance and
popularity (FAO Fisheries and Aquaculture Department, 2010).

Figure 1: The exploitation of captured fish species in 1974 and 2008. While in 1974, the
number of overexploited species (in red) did not exceed 10%, during following years it
increased to 32%. An opposite trend has been observed for underexploited fish species
(in green) which dropped from 40 to 10 % in year 2008. Notably, the proportion of fully
exploited species (in blue) did not change during past decades. (Based on : The State of
World Fisheries and Aquaculture - 2010 (SOFIA), (FAO - Fishery and Aquaculture
Department, 2012))
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1.1

Production of fish in aquaculture

Recently, aquaculture is considered the fastest growing animal-food producing sector,
which accounted for 46 % of total fish production, supplying 52,5 million tonnes of fish
in 2008. That means 7,8 kg of fish meat per capita, which is 7,1 kg more than in 1970.
The sector is currently dominated by the Asia-Pacific region, with a predominant role of
China, which accounts for 62 % of global production, while the production in Europe and
North America slowed substantially. The dominating position of Asia in world
aquaculture also influences the composition of produced species, dominated by freshwater
fish (20 million tonnes) such as carp, followed by molluscs (13,1 million tonnes) and
crustaceans (5 million tonnes). Diadromous and marine fishes account together for 5,1
million tonnes (FAO Fisheries and Aquaculture Department, 2010).

1.1.1 Production of rainbow trout
The total production of rainbow trout exceeded worldwide 0,732 million tonnes in 2009,
and it represents the third most produced diadromous fish species after Atlantic salmon
and milkfish. More than one third of the world trout production comes from Europe,
where it is dominated by Norway, Italy and France (Figure 2). Germany is the fifth
biggest producer in Europe, producing 21 thousand tonnes of rainbow trout in the value of
6,1 million Euro in 2009 (European Commission, 2010; FAO Fisheries and Aquaculture
Department, 2010).
On the national level represents the rainbow trout more than 60 % of the german annual
aquaculture production and surpass common carp and other fish species (Figure 3)(FAO Fishery and Aquaculture Department, 2012). Nevertheless, due to the high costs for
energy and labour and the shift of consumer preferences away from traditional cultured
species, the aquaculture is recently stagnating and Germany is able to cover only 30 % of
its own consumption and imports the majority of sold fish species (Esteban and Crilly,
2011).
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Figure 2: World leading countries in the production of rainbow trout in 2010.
As shown on the left graph, more than one third of the production takes
place in Europe. The other two thirds are divided between Asia and America.
On the right graph, major European producers are sorted according to their
contribution to the production. Here, Norway is the biggest producer,
followed by Italy, France and Denmark. Germany (marked in red) accounts
with 21000 tonnes for 7% of European production in the value of 6 million
Euro. (FAO - Fishery and Aquaculture Department, 2012)

However, dependence on the import of other species raises concerns not only about the
sustainability of such system but also about the quality of imported fish products as for
their origin, production conditions, and for contamination of the fish products with
hazardous compounds such as heavy metals or antibiotics. Since the increasing number of
consumers requires high standards of food quality, freshness and safety for their health,
increased demands on the regional production is to be expected in the future. Moreover,
due to the restricted capacity of Baltic and Nordic Sea for capture production, increase of
customer demand would have to be satisfied by the production in aquaculture.
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Figure 3: On the national level represents the rainbow trout more than 60 % of the
german annual aquaculture production and surpass other fish species such as common
carp (Cyprinus carpio) or Brown trout (Salmo trutta). (Based on : The State of World
Fisheries and Aquaculture - 2010 (SOFIA), (1))

1.1.2 Obstacles of modern aquaculture
Although aquaculture represents an attractive alternative to the capture fishery and was
initially believed to fully compensate the shortfall in the ocean fisheries, it has a number
of disadvantages. Intensification of production in the aquaculture requires a better
management of inputs and waste products, increases the ecological impact on the local
environment and finally increases the potential for the spread of pathogens (Naylor et al.,
2000; The Scottish Association for Marine Science and Napier University, 2002; Silva et
al., 2009). Due to the fact, that fish are in modern aquacultures kept in densities more than
1000 times higher than under natural conditions it is not surprising that this leads to
increased stress and disease susceptibility (Pulkkinen et al., 2010). Subsequently, cultured
trout is prone to many disease-causing organisms including bacteria, parasites, viruses and
fungi which account for high economic losses (O’Neill, 2006).

1.2

Furunculosis and its causative agent Aeromonas salmonicida

One of the pathogens causing highest economic losses in European populations of
salmonid species is Aeromonas salmonicida subsp. salmonicida. This Gram-negative
bacterium was firstly described in German hatcheries by Emmerich and Weibel
(Emmerich and Weibel, 1890) more than 120 years ago, and thanks to its broad spectrum
4
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of susceptible host it is nowadays distributed worldwide (Cipriano and Bullock, 2001). A.
salmonicida is the causative agent of furunculosis and causes severe septicaemia and
acute mortality in a susceptible host. Typical symptoms of acute infection are dermal
furuncle-like lesions, haemorrhages at the base of the fins, enlarged spleen and liver,
swollen stomach and intestine, erratic swimming behaviour and stop of feeding (Scott,
1968). Due to the ability to infect a wide variety of hosts in a diversity of habitats, A.
salmonicida is considered to be a geographically ubiquitous obligate fish pathogen and
owing its importance, several strategies have been developed to protect the fish against
the infection.

1.2.1 Antibiotic treatment of furuncolosis
The treatment of infected fish with antibiotics represents the first option in the fight
against bacterial diseases including furunculosis. It is of interest that, furunculosis was the
first fish disease treated with modern drugs such as sulphonamides and nitrofurans
(Gutsell, 1948). Nevertheless, antibiotics are nowadays not only used to combat bacterial
disease after outbreaks, but it is often used as a prophylaxis in fish feed and occasionally
in bath and injections (Markestad and Grave, 1997; Cabello, 2006). Such a heavy use of
antibiotic represents severe thread to fish, environment and consumer. There have been a
number of studies indicating that antimicrobial treatment changed the composition of
bacteria in the aquatic environment surrounding aquaculture and increased number of
antibiotic resistant bacteria (Hektoen et al., 1995; Miranda and Zemelman, 2002b;
Miranda and Zemelman, 2002a; Cabello, 2006). Furthermore, intensive use of antibiotic
drugs lead to the emergence of antibiotic resistance even among fish pathogens (Rhodes
et al., 2000; Schmidt et al., 2000; Miranda and Zemelman, 2002b) including Aeromonas
salmonicida (L'Abee-Lund and Sorum, 2001; Schmidt et al., 2001a; Schmidt et al.,
2001b). Finally, beneficial effects of antibiotic treatment on fish survival and its intensive
use in aquaculture was undermined by recent concern that chemicals, antibiotics and
pollutants can drastically affect the composition of the intestinal microbiota and may lead
to the elimination of individual species from the whole microbial community (Austin and
Alzahrani, 1988; Sugita et al., 1988; Nayak, 2010). This have been recently demonstrated
by the changes caused by the addition of oxytetracycline to the fish feed in Atlantic
salmon. Instead of increase of fish resistance, it led to the reduction of diversity of
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intestinal microbiota and promoted growth of Aeromonas sorbia and salmonicida. This
finding supports the notion, that antibiotic treatment can facilitate the proliferation of
pathogenic bacteria by the eradication of natural microorganisms (Navarrete et al., 2008).
Thus, although the use of antibiotics may reduce the mortality during outbreaks, its
negative impacts on fish health, environment and consumers prevails and resulted in the
EU moratorium banning the use of antibiotic growth promoters in animal feeds (European
Commission, 2008) and promote the search for new strategies in the fight against
pathogens in aquaculture.

1.2.2 Probiotic treatment increases survival of furunculosis
One of the current strategies is also related to the bacteria, but instead of controlling
bacterial composition by antibiotic treatment, it aims to eliminate the chances of
pathogenic bacteria to colonize and penetrate the gut by supporting proper composition of
microbiota. As shown by gnotobiotic zebrafish, the role of gut microbiota in the host
development is evolutionary conserved. Although not fully proved yet, it is expected that
similarly as in mammals, it helps with the education of the immune system, affects the
integrity of intestinal mucosal barrier, modulates the development of intestinal epithelial
lineages and plays a key role in extracting and processing of nutrients (Rawls et al., 2004).
The positive effect of microbiota on host health is not related only to the stimulation of
the host immune system, but microbiota also compete with pathogens for specific
receptors on mucosal surfaces and produce antimicrobial substances which restrict growth
of the pathogens (Coconnier et al., 1992; Bernet-Camard et al., 1997; Balcazar et al.,
2007).
Fish intestine was shown to harbour more than 108 bacteria per gram and although the
composition depends on various factors it is dominated by members of the genera
Acinetobacter, Aeromonas, Flavobacterium, Lactococcus, Pseudomonas, Bacteroides,
Clostridium and Fusobacterium (Austin, 2002; Nayak, 2010; Perez et al., 2010). Since
any negative change of the bacterial composition might have drastic effects on fish
immune system, it is the aim of current research to support and positively manipulate the
microbial populations by probiotic and prebiotic additives to fish feed. (Merrifield et al.,
2010). The effects of probiotics on the immune system have been demonstrated by a
number of publications, and although often not fully aware of the mode of action, it is
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clear that probiotics can augment the immune responses of fish and increase its ability to
fight against the pathogen. Thus, Kim and Austin have demonstrated that feeding with
Carnobacterium augment the immune response upon challenge with Aeromonas
salmonicida and Yersinia ruckeri, increasing the phagocytic activity, respiratory burst and
lysozyme activity (Kim and Austin, 2006). Similarly, trout fed with three freeze-dried
bacteria (Lactobacillus ramnosus, Enterococcus faecium and Bacillus subtilis) exhibit
enhanced production of superoxide anion and the activity of the alternative complement
pathway (Panigrahi et al., 2007). Similar results have been obtained also after feeding
with Lactococcus lactis, Lactobacillus sakei and Leuconostoc mesenteroides (Balcazar et
al., 2007).
Number of publications delivered supporting results for the usefulness of probiotic
additives in the fight against Aeromonas salmonicida in both rainbow trout and Atlantic
salmon. In vitro experiments indicated the ability of lactic bacteria to reduce the growth of
Aeromonas salmonicida (Nikoskelainen et al., 2001) and pre-treatment with Lactobacillus
delbrueckii subsp. lactis was able to prevent the damaging effects of Aeromonas on the
healthy intestinal barrier (Salinas et al., 2008). Importance of microbiota and probiotic
feeding was also evaluated in number of in vivo trials with fry or fingerlings, where the
feeding with viable Carnobacteirum, Bacillus sp. and Aeromonas sorbia and even with
formaldehyde inactivated Vibrio fluvialis, Aeromonas hydrophila and Carnobacterium
spp. reduced the mortality after challenge with Aeromonas salmonicida (Robertson et al.,
2000; Irianto and Austin, 2003; Brunt et al., 2007). These studies clearly indicate the
positive effect of the probiotic treatment on the fish immune system and its resistance to
A.salmonicida. Nevertheless, application of these results within the aquaculture still has to
overcome a number of obstacles such as selection of appropriate probionts, definition of
proper delivery method and assessment of dosage and duration of applications.
Investigation on these topics could provide valuable improvements to traditional
aquaculture and could minimize the use of chemotherapeutics and antibiotics in future
(Merrifield et al., 2010).

1.2.3 Vaccination
Despite the advances in feed formulations supporting the natural resistance of the fish,
vaccination is still considered the most cost-effective method of controlling pathogenic
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diseases such as A. salmonicida and A. hydrophila, Vibrio anguillarum or
Flavobacterium psychophilum. As with the antibiotics, furunculosis was pioneering also
in the field of fish vaccines, and the first formulation of protective vaccine was published
more than 70 years ago (Duff, 1942). Later, a number of immersion and injection
vaccines appeared, but not all provided sufficient efficacy and protection. (Johnson and
Amend, 1984; Lillehaug et al., 1992). Recently, intraperitoneally delivered vaccines are
still believed to provide the best protection against a number of pathogens (Toranzo et al.,
2009). This eventually led to the design of polyvalent vaccines protecting simultaneously
against the majority of the pathogens, which still dominate the commercial market with
fish vaccines. (Sommerset et al., 2005).

1.2.4 Selective breeding
The last approach to reduce losses caused by diseases is selective breeding of animals for
increased disease resistance (Fjalestad et al., 1993; Gjedrem, 2005). Albeit more timeconsuming than chemotherapeutic treatment with antibiotics or vaccination, selective
breeding is especially applicable to fish, due to their high fecundity and relatively short
breeding cycle. This offers the opportunity to examine large numbers of fish in challenge
tests with different pathogens and use unexposed siblings for further breeding (Midtlyng
et al., 2002). Previously, several strains of rainbow trout have been described to posses
higher resistance to Bacterial cold water disease caused by Flavobacterium
psychrophilum (Silverstein et al., 2009; Leeds et al., 2010; Overturf et al., 2010b), Vibrio
anguillarum (Roed et al., 2002), Infectious haematopoietic necrosis (IHNV) (Overturf et
al., 2010a; Purcell et al., 2010a), Infectious pancreatic necrosis virus (IPNV) (Ozaki et al.,
2001), Viral haemorrhagic septicaemia (VHSV) (Quillet et al., 2001; Slierendrecht et al.,
2001), Yersinia ruckeri (Henryon et al., 2005), two myxozoan diseases caused by
Tetracapsuloides bryosalmonae (Grabner and El-Matbouli, 2009) and Myxobolus
cerebralis (Hedrick et al., 2003) and finally against the furunculosis (Roed et al., 2002).
Breeding of these strains could ideally provide one strain naturally resistant against the
majority of pathogens, which would decrease the usage of antibiotics and lower the cost
for vaccination. However, as demonstrated by the work with Atlantic salmon (Gjedrem
and Gjøen, 1995; Gjoen et al., 1997) resistance to one disease is not necessarily correlated
with resistance to other pathogens. Thus, while the resistance is usually positively
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correlated for bacterial diseases such as vibriosis, bacterial kidney disease or furunculosis,
it is unfavourable for the survival of viral diseases. This observation is not surprising,
since owing to its different aetiologies, viral and bacterial diseases often target different
arms of the immune system and require different mechanisms of fight (Murphy et al.,
2007).

1.2.4.1 Resistance to Aeromonas salmonicida
There have been a number of investigations searching for selection traits for resistance to
Aeromonas salmonicida in salmonids. Initial focus on antibacterial properties of the
natural barriers of the skin and mucus revealed a correlation between the resistance and
level of mucus precipitin activity. Furthermore, comparison of different salmonid species
revealed a correlation between the resistance to A. salmonicida and the recovery of viable
bacteria from external mucus (Cipriano and Heartwell, 1986; Cipriano et al., 1994).
Further investigations identified a positive correlation between survival and higher
lysozyme activity (Roed et al., 2002), the spontaneous bactericidal activity of serum and
alternative complement pathway (Hollebecq et al., 1995). Complement together with non2m-antiprotease were also found positively correlated with the survival of furunculosis in
Atlantic salmon, while no differences between resistant and susceptible families were
found in respiratory burst activity and leukocyte migration (Marsden et al., 1996).
Noteworthy, the increased resistance to furunculosis is not exclusively related to the
elements of the innate immune system, but it also seems to depend on the ability of fish to
raise sufficient adaptive response. This was illustrated by the correlation of survival with a
higher production of natural and A-layer specific immunoglobulin in Atlantic salmon
(Lund et al., 1995) and farmed goldfish (Carassius auratus)(Avtalion et al., 2002). Other
key players with documented importance in the furunculosis survival are the MHC genes.
(Grimholt et al., 2003; Kjoglum et al., 2008). MHC molecules belong to the most
polymorphic genes and are divided into two groups based on their expression and
function. MHC I is expressed on all cells and presents the peptides derived from the
cytosol to cytotoxic T cells. This is of importance especially in case of infection with
viruses and other intracellular pathogens. Alternatively, MHC II is expressed exclusively
on antigen presenting cells (macrophages, monocytes, dendritic cells, B cells) and
presents exogenously derived peptides to CD4+ T cells. (Murphy et al., 2007). Analyses
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of the polymorphism in the MHC I and MHC II molecules in Atlantic salmon helped to
identify alleles related to higher resistance to both A. salmonicida and Infectious salmon
anaemia virus (ISA). Nevertheless, it is worth to mention that identical alleles had
opposite effects on resistance to the two very different pathogens (Kjoglum et al., 2006;
Kjoglum et al., 2008). This finding further supports the notion that it is not possible to
obtain one ideal broodstock resistant to all diseases, because increased resistance to one
group of pathogens usually leads to the increased susceptibility to other. In the other hand,
aforementioned studies provided valuable insights into the disease aetiology of A.
salmonicida and helped to better understanding of host-pathogen interactions.
Furthermore, the selective breeding and marker assisted selection (MAS) can provide
invaluable support to local aquaculture helping to breed fish strains with increased
resistance to major local pathogens.

1.2.4.2 Model of resistant trout “Born”
One example of a regionally robust trout strain represents the “born”, which emerged after
30 years of selective breeding in the brackish water of the Baltic Sea. As demonstrated by
the work of our group, “born” trout exhibit better adaptation to the environment of
brackish water from both physiological and immunological points of view (Korytar et al.,
2009; Köbis et al., 2010; Rebl et al., 2010b; Verleih et al., 2010a; Verleih et al., 2010b;
Verleih et al., 2011; Rebl et al., 2012). Furthermore, after infection with A. salmonicida
exhibit “born” trout significantly higher survival than imported “steelhead” trout from
Troutlodge (Figure 4).
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Figure 4: Comparison of cumulative mortality between steelhead and born
trout after the infection with A. salmonicida. For the experiments, three
bacterial doses were used ranging from 1.104 to 5.105 bacterial particles. As
shown on the graph, resistant “born” trout exhibit significantly lower
mortality than susceptible “steelhead”

This novel strain represents an unique model for the investigation of the environmental
adaptation of rainbow trout and offers the unique opportunity to investigate differences
which occurred during the selection process in brackish water and which predestine
„born“ to increased survival in the challenge with A. salmonicida.
There are many factors influencing the disease resistance in fish. Formerly a number of
studies attempted to investigate differences between fish strains with a diverse number of
methods. Initially, researches focused on the analysis of innate and adaptive immune
parameters such as phagocytosis, respiratory burst (Marsden et al., 1996) complement
activity (Hollebecq et al., 1995), activity of lysozyme (Roed et al., 2002), polymorphism
of MHC molecules (Kjoglum et al., 2006; Kjoglum et al., 2008) production of antibodies
(Lund et al., 1995), analysis of the composition of peripheral blood leukocytes (Camp et
al., 2000) or size of the spleen (Hadidi et al., 2008). Nevertheless, limited toolbox of fish
immunologist led to the shift of the research focus from functional methods to molecular
analysis. Thanks to the ability to evaluate the expression of several immune-relevant
molecules in a short time, molecular methods have already helped to reveal the basis of
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disease resistance in IHNV (Purcell et al., 2010b), amoebic gill disease (Wynne et al.,
2008) or whirling disease (Baerwald et al., 2008). Furthermore, the expression analysis of
selected genes has been already employed also for the investigation of two strains of
Atlantic salmon with different resistance to A. salmonicida (Zhang et al., 2011).

1.2.5 Experimental design
Despite substantial scientific effort, the infection route of A. salmonicida is still not fully
described. It has been previously proposed that A. salmonicida enters the body through
the skin, epithelium of gills or gastrointestinal tract (Obrien et al., 1994; Svendsen and
Bogwald, 1997; Ferguson et al., 1998; Svendsen et al., 1999a; Svendsen et al., 1999b;
Farto et al., 2011). Recent isolation of A. salmonicida from the intestine and faeces of
infected and healthy fish (Obrien et al., 1994; Ringø and Olsen, 1999; Lødemel et al.,
2001) together with its ability to translocate across the intestinal epithelia support the
notion, that the intestine might represent the primary infection route in stress induced
infections (Jutfelt et al., 2006; Jutfelt et al., 2008). Despite these findings elucidating the
potential entry of A. salmonicida into the host, in controlled experiments the peritoneal
challenge remains the predominant method of bacterial delivery and bath or co-habitation
challenges are used only exceptionally (Mulder et al., 2007; Holten-Andersen et al.,
2012). Although the use of intraperitoneal injection represents a controversial method and
is considered artificial, it has a number of advantages. Importantly, in contrast to bath and
co-habitation challenges it assures that all fish are treated with the same amount of
pathogen and allows a direct comparison of the responses between different fish at
distinct time points. Finally, peritoneal challenge was used in preliminary experiments
with susceptible and resistant strain.
The use of peritoneal injection as a delivery route for planned infection experiments
consequently predestined the presented work to focus on peritoneal leukocytes. Keeping
in mind, that peritoneal leukocytes represent the first cells which encounter bacteria
injected into the cavity, it can be expected that the outcome of the infection is
fundamentally dependent on their ability to eliminate the bacteria and prevent their spread
through the body in the early stages of the reaction.
Peritoneal leukocytes represent a unique niche of the host immune system defending the
body cavity (Murphy et al., 2007) and composes of a mixture of macrophages,
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monocytes, neutrophils and lymphocytes, whose proportion vary between different
species (Festing et al., 1990). Owing to the ease of the collection and possible
quantification without the dilution effect seen in blood or solid organ, peritoneal cavity
was for decades employed as a model of inflammation in number of animal species
including fish (D'Silva et al., 1983; Afonso et al., 1997). Early studies on the composition
of resident leukocytes in rainbow trout revealed the presence of both lymphocytes and
myeloid cells, first of which comprise the predominant cell type (Afonso et al., 1997).
However, further investigations in different fish species indicated that the proportion
between lymphocytes and myeloid cells may differ and is often species specific. Thus, in
barramundi (Lates calcarifer) is the number of myeloid cells and lymphocytes equal
(Tumbol et al., 2009), while in sea bream (Sparus aurata) and sea bass (Dicentrarchus
labrax) are the myeloid cells dominating the cavity and lymphocytes represents only
small fraction (Meseguer et al., 1993). Although the consequences of different
composition of resident leukocytes remain unclear, injection of stimulants induces in all
species rapid reaction and within hours recruits high number of cells of myeloid origin,
namely monocytes, macrophages and neutrophils (Afonso et al., 1998; Afonso et al.,
2000; do Vale et al., 2002). These cells posses all weapons necessary for elimination of
potential pathogen, including phagocytosis, production of reactive oxygen species and
cytotoxic ability, and actively contribute to clearance of the stimulant from the cavity
(Suzuki, 1986; Garduno et al., 1993; Afonso et al., 1998; Cuesta et al., 2007; Chadzinska
et al., 2008a; Chadzinska et al., 2008b; Tumbol et al., 2009). In contrast to the well
studied role of myeloid cells, role of lymphocytes was during previous studies neglected,
and their contribution to the resolution of inflammation was rarely discussed.
Furthermore, not much is known about the antigen processing at the site of inflammation
and the development of the adaptive immunity by B and T lymphocytes. This can be
accounted to the insufficient toolbox of fish immunologist, lacking monoclonal antibodies
recognizing distinct lymphocyte subsets. As a results, the precise kinetic of lymphocytes
and their composition during stimulation was in teleost never studied, even though
lymphocytes represent predominant population of resident leukocytes (Afonso et al.,
1997) and their increasing number was previously observed early after stimulation in
gilthead sea bream (Cuesta et al., 2007). Such lack of information is particularly striking
considering that the majority of fish vaccines are still delivered by intra-peritoneal
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injection. Thus, keeping in mind that peritoneal cavity represents a unique immunological
niche with defined population of leukocytes whose reaction may be responsible for a
different infection outcome, we have decided to focus on events following the injection of
bacteria into the peritoneal cavity. The description of these processes on cellular and
molecular level would deepen understanding of the antigen processing and development
of adaptive immune response at the site of inflammation.

1.3

Aims of presented study

The principal aim of the presented study was to identify changes in the immune system,
which occurred during 30 years of the selection process in the brackish water of Baltic
Sea and increased the resistance against Aeromonas salmonicida. Therefore, in order to
achieve this aim; following research objectives have been identified divided into two
groups according to their focus.
The first group includes tasks providing novel information about general processes of the
teleost immune system and aimed:
1) to define the population of resident peritoneal leukocytes and to compare it with
other lymphoid organs,
2) to establish a model of peritoneal inflammation and evaluate the kinetic of
leukocytes subpopulations during stimulation,
3) to elucidate the differences between antigenic stimulation and infection
4) to analyze the transcriptome of peritoneal leukocytes and to correlate it with the
changes observed in cell composition
The second group focuses directly on the differences specifically related to the
phenomenon of disease resistance in fish and concentrates on following objectives in the
context of two strains with known disease resistance:
1) identify the differences in the composition and kinetic of distinct leukocyte
subpopulations
2) compare the transcriptomic changes and correlate them with the differences on the
cellular level
3) analyze the expression of immune relevant genes and identify differentially
expressed candidate genes favoring higher survival
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1.4

Expected results

In our preliminary infection experiments with A. salmonicida, the mortality occurred
within 3-4 days post injection, stressing the importance of the early immune reaction for
the survival. Using a unique set of monoclonal antibodies we aimed to describe the
changes in the cellular composition during restricted timeframe of the first 3 days post
injection.
Thus, in the first part of the presented study, we aimed to describe the resident population
of peritoneal leukocytes and evaluate its composition. For this purpose, flow cytometry
with a unique set of well established monoclonal antibodies was employed. Their
combination allows us to investigate the proportion of IgM+ Bcells (MAb 1,14 (DeLuca
et al., 1983)), thrombocytes (MAb-42 (Kollner et al., 2004)), myeloid cells (MAb 21,
based on previously published antibody in (Kollner et al., 2001)) and the population of T
lymphocytes recognized by novel antibody MAb-D30 (Korytar et al., 2010). The
population of T lymphocytes could be further divided using recently published anti-CD8α
MAb (Takizawa et al., 2011) to the population of CD8α+ cytotoxic T cells and CD8α- T
cells; presumably CD4+ T helper cells. By that, all major populations of peritoneal
leukocytes could be analysed with the exception of recently described population IgT+ B
cells, which were proposed to represent unique population of trout leukocytes responsible
for the adaptive immune responses on mucosal surfaces (Zhang et al., 2010b). Once the
composition of resident leukocytes was evaluated, model of peritoneal inflammation with
A. salmonicida was established based on previous publications (Afonso et al., 1997;
Afonso et al., 2000; Cuesta et al., 2007; Chadzinska et al., 2008b). Aware of the fact that
A. salmonicida is able to survive within macrophages and produce toxins influencing the
immune effectors (Olivier et al., 1986; Olivier et al., 1992), we have decided to evaluate
firstly the immune reaction towards the formalin-killed bacteria prior the infection trial.
Stimulation with inactivated bacteria helped us to better understand the host immune
response to a particulate antigen and provided valuable insights for potential vaccine
formulation. Conversely, the treatment with viable pathogen allowed us to observe not
only the fight of host against pathogen, but also the effects of viable pathogen on the
immune system of host.
Notably, the initial setup of the methods and establishment of the peritoneal inflammation
model was performed in susceptible trout. The resistant “born” trout was employed later
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and the cell kinetic and composition during stimulation were compared to the data
obtained for susceptible “steelhead”. Finally, the reaction of both trout strains was
compared simultaneously in the infection trial with viable A. salmonicida.
Although the data comparing the kinetic and cell composition of peritoneal leukocytes of
two trout strains during the stimulation/infection with A. salmonicida would represent
unique study of this extent in fish species, the information acquired by the flow cytometry
with a set of five monoclonal antibodies can be hardly considered complete. To gain more
information about the transcriptomic background underlining the processes observed on
the cellular level, we have decided to use high throughput method of transcriptional
analysis using the EST based cDNA microarray designed by GRASP consortium.
Since the first salmonid array, microarrays proved to represent a versatile and popular
approach for the analysis of the transcriptome in fish species (Rise et al., 2004). Dozens of
publications have already shown its applications in a broad spectrum of topics including
immune responses and show that the selection of proper source or RNA is vital for the
outcome of the analysis (Von Schalburg et al., 2008). In contrast to other studies which
focused their analysis on the expression changes in the head kidney, spleen or liver, we
have decided to focus on peritoneal leukocytes (Vanya Ewart et al., 2005; Martin et al.,
2006; Skugor et al., 2009; LeBlanc et al., 2010; Jorgensen et al., 2011). We believe that
analysis of transcriptome of these cells is reflecting the fight between host and pathogen
more objectively than data acquired from systemic immune organs. Furthermore, taken
advantage of the data obtained by flow cytometry, the transcriptome could be assigned to
the composition of leukocytes present in the cavity at a particular time point. To our
knowledge, this represent a unique approach in the field of fish immunology and the
combination of both data sets provide previously unpublished insights into the processes
involved in the protection of the peritoneal cavity in teleost fish. Moreover, the
established model of stimulation/infection allowed us to perform a direct comparison of
the changes induced by inactivated and viable bacteria. The evaluation of these
differences contributed to a better understanding how viable bacteria affect the immune
system of host and shed some light on the aetiology of the disease. Furthermore, the data
obtained from investigated trout strains allowed a detailed comparison of their immune
responses on both cellular and molecular levels, helping us to identify candidate genes
which were selected during 30 years of selective breeding in the brackish water of Baltic
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Sea and which favour increase survival of resistant trout strain. The identification of
candidate genes revealed the key players in the fight against A. salmonicida and
represented markers, which can be used as immunological traits in marker assisted
selection (MAS) in the future (Midtlyng et al., 2002).
Finally, the combination of flow-cytometric and transcriptomic data together with our
unique model of two trout strains provided us with the unprecedented data set,
representing rare insight into the physiology of fish immune system, allowing a
correlation of cellular and molecular data and revealing evolutionary conservation of
processes defending the body cavity through the evolution.
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2. Material and methods
2.1

Fish

The commercially available rainbow trout (Oncorhynchus mykiss) strains TCO Steelhead
and Born were obtained from the Landesforschungsanstalt für Landwirtschaft und
Fischerei, Born, Germany and Binnenfischerei Mecklenburg GmbH Schwerin in
Frauenmark, Germany. Animals were kept in 1000 l tanks at 15 °C and 12 h day/night
light period, in partially recirculating water systems and fed with commercial dry pellets.
Fish were at age of one to two years during sampling. For stimulation and infection
experiments were fish transferred to 300 l glass aquaria and acclimated for two weeks.

2.2

Sampling and leukocyte preparation

Blood was collected from the caudal vein using a heparinized syringe and immediately
diluted in cold medium (Mixed Isove’s DMEM/Ham’s F12 (Gibco) at a ratio of 1:1. Fish
organs (thymus, head kidney and spleen) were homogenized with Potter-Elvehjem
homogenizers to prepare single cell suspension. The peritoneal leukocytes were obtained
via lavage with 5 ml of ice cold PBS containing 5mM EDTA.
The purged and opened gut was cut into small pieces and vigorously shaken for 5 minutes
in 30 ml of cold medium to free the cells from the tissue. Gills were cut into small pieces
and after brief shaking in cold medium were homogenized with Potter-Elvehjem
homogenizer. Prepared single cell suspensions of gut and gills were filtered through
gauze. To discard the excess of mucus and cell debris, cells were centrifuged at 1800RPM
for 5 minutes. The pellet was resuspended in 5 ml of fresh media.
Cells suspensions prepared in previous steps were layered onto an isotonic Percoll
gradient (Biochrom AG) (r = 1.075g/ml) and centrifuged at 1800 RPM (or 650 g) for 40
minutes. Cells at the Percoll/medium interphase were collected, washed with PBS,
resuspended in corresponding volume of medium or PBS-EDTA to the final concentration
of 4 x 106 cells/ml and kept on ice until further preparation.
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2.3

Immunofluorescence and flow cytometry

For the analysis of cell number and distribution of lymphoid and myeloid populations,
peritoneal leukocytes were resuspended in total 1 ml of PBS-EDTA. 100 µl of cell
suspension were diluted in 300 µl of PBS-EDTA and cells were acquired by
FACSCalibur (Becton Dickinson, Germany) on HIGH throughput for 20 seconds.
Number of cells was counted with equation based on previous measurement of a dilution
row of head kidney leukocytes.
Analysis of cell composition was performed using a set of monoclonal antibodies against
thrombocytes (mAb42-1; (Kollner et al., 2004)), IgMHC cells (MAb 1,14; (DeLuca et al.,
1983)); IgMLC (MAb N2), CD8α RPE (MAb 13-2D (Takizawa et al., 2011)), myeloid
cells (mAb21) and T cells (mAbD30, mAbD11)(Korytar et al., 2010). Preparation of
samples was performed as follows; leukocytes at total number of 2 x 105 cells/ml were
incubated for 30 minutes with diluted antibodies in combination for double staining.
Antibodies were either directly labelled with fluorochrome or after washing with PBS,
cells were incubated for another 30 minutes with the corresponding mouse isotype
specific FITC (Rockland, USA) and RPE (Jackson ImmunoResearch Laboratories, USA)
conjugates. Control was treated with secondary conjugate only.
Monoclonal antibodies were combined in distinct double staining, which enabled to
follow the kinetic of diverse cellular populations. Representative dot-plots depicting the
distributions of cellular markers on population of peripheral blood leukocytes and head
kidney leukocytes are presented below. On the plots, red events represent cells stained
with the RPE conjugate, green represent FITC conjugates, blue events show double
stained population and black dots stand for negative fraction of the cells (Figure 5 ).
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Figure 5: On graph a) the double staining of myeloid cells and thrombocytes
is shown. Expression of the myeloid marker on small population of
thrombocytes might be related to immune functions of thrombocytes and
function of these cells remains to investigate. On dot plot b), the double
staining of myeloid cells with the T cells is depicted. Notably, the marker
labelled on T cells is also shared by myeloid cells (blue population). For this
reason, in further analysis with anti-T cells antibody, myeloid cells are
+
excluded by gating. On graph c), the distribution of CD8α cells in a
population of T cells is shown. It can be seen, that the majority of T cells is
CD8 α , presumably CD4. On dot plot d), the double staining of T cells with
+
IgM population of B cells is shown.

21

MATERIAL AND METHODS
On the first dot-plot, the distribution of myeloid cells (MAb 21) and thrombocytes (MAb
42) is depicted. On the panel of four dot plots on the right side, the distribution of labelled
cells according to their size based on FSC and SSC scatter is presented. Note that the
population recognized by anti-myeloid cells antibody is dominated by bigger cells (FSChi,
SSChi) while thrombocytes cluster together with lymphocytes. Notably, only a minor
population of double stained cells of unknown origin was observed between stained
populations.
On the following dot plot, anti-myeloid cell antibody (MAb21) is double stained with
putative anti-T cell antibody (MAbD30). Closer description and complete characterization
of MAbD30 is subject of currently prepared manuscript and will be therefore mentioned
only briefly. This MAb is recognizing 97 % of thymocytes and it is as the only one double
staining the population of anti-CD8α T cells (Figure 5c). Its specificity for T cells is
further supported by the fact that this monoclonal antibody is recognizing only a small
fraction of B cells (Figure 5d). Furthermore, the sorted population of MAbD30 labelled
cells express T cells specific markers (TCR, CD4 and CD8). Nevertheless, as seen on the
Figure 5b, population of MAbD30 is recognizing also the population of myeloid cells
stained by the MAb21. Nevertheless, as it can be seen on the dot plots on the right side,
the population of double stained cells (in blue colour) differs in the morphology from
MAbD30 single stained cells. Unlike the double stained population, these cells belong to
the lymphoid lineage. Thus, for the precise estimation of the percentage of T cells, it is
mandatory to exclude the population of myeloid cells and this rule was strictly followed
in all presented flow cytometric analysis.

2.4

A. salmonicida stimulation and infection experiments

The A. salmonicida supsp. salmonicida wild type strain JF 2267 was used for all
stimulation

trials.

The

bacteria

were

cultivated

from

cryoconserved

batches

(MicrobankTM, PRO-LAB Diagnostics, Cheshire, UK) on Casein-peptone Soymealpeptone slant agar (LB broth; SIFIN, Berlin, Germany) at 15 °C for 98 h and subsequent
mass culture replant in LB broth (SIFIN, Berlin, Germany) for further 48 h. The initial
cultures were checked for purity by Gram staining, cell morphology and immobility. The
bacterial suspension was concentrated by centrifugation for 10 min, 4300 rpm at 4 °C.
The supernatant was discarded; the bacterial pellet was once washed in sterile 0.9 %
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sodium chloride solution and diluted to 105; 5x106 and 1x108 bacteria/ml. Each dose was
afterwards controlled by counting of colony-forming units (CFU) after incubation on
CASO-Agar plates.
For the stimulation experiment, bacteria were inactivated in 1,5 % PFA for 1 hour. The
bacteria suspension was set to concentration of 1,6 x 109 cells/ml, frozen in 1 ml aliquot
and kept at -20 °C. Prior the usage, the bacteria were thawed and diluted to the
concentration of 5x107 cells/ml in sterile PBS, unless mentioned otherwise.

2.4.1 Experimental design and sampling
2.4.1.1 Stimulation experiments
Fish were divided into two groups (n = 15, three fish per time point) and received a single
intraperitoneal injection of 200 µl (1 x 107 bacteria) of iA.s. or sterile PBS. Those injected
with inactivated bacteria were marked by cutting the fat fin. Fish were sampled at 6, 12,
24, 48 and 72h post injection (hpi) and peritoneal leukocytes were isolated as described
above. Stimulation experiment was performed in triplicate.

2.4.1.2 Infection experiment
Rainbow trout from conventional susceptible and resistant strain (n = 50, four fish per
time point) were infected intraperitoneally with 100 µl of 5x106 bacteria/ml. Fish were
sampled at 6, 12, 24, 48, 72 (hpi) and additionally at 7 and 14 days post infection. Kinetic
and composition of peritoneal leukocytes were estimated. Disease kinetic and mortality
were evaluated daily.

2.5

Proliferation assay

Two groups of fish (n = 5) received single i.p. injection of 200 µl of bacterial suspension
or corresponding amount of sterile PBS. After 72 hpi, PEL were prepared as described
above and set to a concentration 1x106 cells/ml. PEL obtained from fish stimulated with
PBS were pooled in order to obtain sufficient cell number. Cells were labelled with 2 µl
of CFSE/1x106 cells and cultured in Iscoves/Ham’s F-12 medium supplemented with 10
% FCS in humidified atmosphere at 15 °C for 72 hours. Every 24 hours, cells were
sampled and loss of green fluorescence was measured on FACSCalibur.
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2.6

Phagocytosis of GFP bacteria

To study the ability of peritoneal leukocytes to phagocytize bacterial particles, peritoneal
leukocytes obtained from stimulated fish at 12 hpi were incubated for 2 hours in 17 °C
and 5 % of CO2 with inactivated GFP labelled Aeromonas salmonicida (cell/bacteria ratio
1:10). Prior the measurements on flow cytometer, cells were centrifuged at 1400 RPM for
3 minutes and the pellet was resuspended in PBS-EDTA. Unspecific signal of unbound
bacteria was dimmed by the addition of tryptan blue.

2.7

Microarray hybridization experiment

For the microarray experiment focusing on expression changes within the population of
peritoneal leukocytes, following samples were chosen; untouched fish, control fish treated
with PBS, fish stimulated with iA.s. (1 x 107 bacteria) and fish from infection
experiments. Analyses were focused on early response (12 hpi) and late response (at 72
hpi) Due to a low number of resident PEL in untouched peritoneum, ten fish were pooled
together according to their FSC-H – SSC-H profile in FACS measurement. For groups
representing stimulation or infection, five fish were pooled in the same manner at 12 and
72 hpi.
Total RNA was extracted using RNeasy Mini Kit (Qiagen) Traces of genomic DNA were
removed by DNase treatment for 20 minutes (RNase –Free DNase set, Qiagen). The
4x44K Salmon Gene Expression Microarray (Agilent Technologies, Santa Clara, CA,
USA) containing 43,803 salmonid 60mer oligos was hybridized following MIAME
guidelines (Wagner et al. 2007). Essentially, probe preparation and microarray slide
hybridization were carried out in accordance with the protocol for One-Color MicroarrayBased

Gene

Expression

Analysis,

Low

Input

Quick

Amp

Labeling,

v6.5

(http://genomics.agilent.com). Briefly, total RNA was quantified at the NanoDrop® ND1000 spectrophotometer (NanoDrop® Technologies, Wilmington, DE, USA) and qualitychecked at the Agilent 2100 Bioanalyzer using the Eukaryote total RNA Nano Series II
assay (Agilent) 100 ng pooled RNA was then transcribed into Cy3-labelled cDNA
utilizing the Low Input Quick Amp Labeling Kit, One Color (Agilent). Synthesis of
cDNA was regarded successful provided that 1.65 μg of cDNA with a Cy3-incorporation
rate of 8.0 pmol/μg cDNA were generated. Cy3-labelled cDNA was purified using
RNeasy® Mini Spin Columns (Qiagen) and fragmented according to the manufacturer´s
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instructions. Eventually, fragmented cDNA (15 ng/μl) was hybridized to microarrays at
65 °C for 17 hours in the Agilent hybridization oven with 10 rpm rotation. All slides were
washed with Gene Expression Wash Buffers 1 and 2 (Agilent) according to
manufacturer’s protocol and scanned with the Agilent DNA Microarray Scanner (model
G2505C) in compliment with the Scan Control Software vA.8.3.1 (Agilent). Primary data
analysis was performed using the Feature Extraction software v10.7.3.1 (Agilent)
followed by data normalization, M versus A analysis, statistical tests applying Bonferroni
correction, and principal component analysis (PCA). Gene expression data were natural
log transformed. For further analysis only genes with fold-change higher than 3 and with
p-value < 0.05 were used. To assess the regulated pathways, mouse homologs to fish
genes were found and data were analysed on DAVID annotation tool (Huang da et al.,
2009).
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3. Results I. – Flow cytometric analysis
3.1

Flow cytometric analysis of resident peritoneal leukocytes

Peritoneal leukocytes represent a unique niche of the host immune system defending the
body cavity, which have been used during last decades in a number of animal models to
study the inflammation and innate immune responses. They are very popular for its easy
accessibility, enumeration and rapid reaction towards the antigen. This trend, initially
prevalent in the field of immunology of higher vertebrates has found its way also to the
study of fish immune system. In this chapter, resident population of peritoneal leukocytes
in rainbow trout will be characterized. Later, the reaction of these cells after stimulation
and infection with A. salmonicida will be described. Finally, the immune reaction will be
compared between both investigated trout strains.

3.1.1 Resident population of peritoneal leukocytes
Flow cytometric analysis of the resident population of peritoneal leukocytes revealed two
distinct cell populations. The majority of the cells were small (FSC-Hlow) with low
granularity (SSC-Hlow), designated as lymphoid cells. These cells represented between 45
– 85 % of all acquired cells. The remaining cells included bigger cell with higher
granularity, designated as myeloid cells (FSC-Hhigh; SSC-Hhigh). Percentage of these cells
ranged between 5 – 45 % (Figure 6a). Notably, this ratio between lymphocytes and
myeloid cells is unique between other populations of trout leukocytes. (Figure 6b-e).
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Figure 6: Resident population of peritoneal leukocytes composes of two cell
populations. The majority of the cells (45 - 85 %) belongs to the lymphoid
low
low
gate R1 (FSC-H , SSC-H ), while rest of the cells (9 - 45 %) were bigger,
with granulated surface and were therefore assigned as myeloid cells (FSChigh
high
H ; SSC-H ) (a). Plots (b-e) demonstrate the cell composition of other
immune relevant organs.

Using MAb, the percentage of cell types was assessed (Figure 7). The major cell type
found in unstimulated peritoneal cavity, were the IgM+ B cells, representing 32 – 42 %, 512 % of all cells belonged to T cell lineage, myeloid cells comprised 18 – 29 % and
thrombocytes represented less than 2 %. In the population of T cells, no CD8α+ cells were
observed. The number of IgT+ mucosal B cells was not acquired due to the lack of a
specific monoclonal antibody.
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+

Figure 7: Resident population of peritoneal leukocytes: (a) the IgM B, (b) T
cells (c) myeloid cells and (d) thrombocytes.

Furthermore, the comparison with other lymphoid organs revealed different composition
of peritoneal leukocytes. Considering the proportion of B cells, peritoneum is with 35±4%
very similar to PBL or to spleen (39 ± 8 % and 41 ± 7 % respectively). However, lower
percentage of T cells and a negligible number of thrombocytes are opposing their
similarity. As for cells of myeloid origin, the peritoneal cavity contains the second highest
number of these cells within the fish body, approximately 21 %. Furthermore, as shown in
later chapters, the number of myeloid cells is dramatically increasing upon stimulation.
Finally, the peritoneal cavity can not be considered as a typical mucosal niche, such as
gills or gut of the fish. Both organs are dominated by T cells, which belong mainly to
CD8α+ lineage. However, the number of T cells in the peritoneum is rather minor and
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they are all CD8α-. Thus, the composition of resident peritoneal leukocytes is unique
within other fish lymphoid organs (Figure 8).

Figure 8: Composition of peritoneal cavity differs from other lymphoid
organs. On graphs, the Y axis stands for cell percentage; lymphoid organs are
+
listed on horizontal X axis. Graph a) shows comparable number of IgM B
cells, b) compares number of T cells, c) compares the number of
thrombocytes and last graph d) shows the comparison of myeloid cells.
Finally, block e) shows cellular composition of all major lymphoid organs.
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3.2

Peritoneal cavity of susceptible trout

3.2.1 Peritoneal cavity after the antigenic stimulation
3.2.1.1 Cell kinetic after antigenic stimulation
Once the population of resident leukocytes was identified, we aimed to investigate their
early cellular response towards the stimulation. Initially, fish were stimulated by i.p.
injection of iA.s. and PBS respectively. Analysis of the total cell number revealed
dramatic and rapid cell traffic in the stimulated peritoneum with iA.s., while total number
of cells obtained from control fish increased only slightly during first 72 hours post
injection (hpi) (Figure 9). As soon as 6 hpi contained stimulated peritoneal cavity ten
times more cells than in control and their number grew constantly till the end of the
experiment.
Additionally, analysis of FCS-SSC composition revealed, that the immune reaction can be
divided into two stages according to the predominant cell type present. The first stage
lasted for 24 hours and was dominated by myeloid cells (FSC-Hhigh, SSC-Hhigh) whose
number was remarkably increasing immediately after injection of inactivated bacteria.
This resulted in the first complete change of cell types from lymphoid to myeloid.
Strikingly, during the first 6 hpi fish stimulated with bacteria had 48 times more myeloid
cells than the control, while the amount of lymphoid cells (FSC-Hlow, SSC-Hlow) remained
unchanged in both groups. Within the following 6 hours (at 12 hpi), total cell number
increased twice and it reached the peak with total 4,7 x 105 cells/ml at 24 hpi. It is worth
to say that although first peak composes predominantly of myeloid cells, 1/3 already
belonged to cells of lymphoid origin. In the second phase, the number of myeloid cells
started to decline and in further progress of the immune reaction lymphocytes represented
the main cell type. The second phase reached its peak at 72 hpi with a total 6,5 x 105
cells/ml. At that time, lymphocytes comprised more than 70% and their number increased
almost 20 times when compared to the starting point.
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Figure 9: Cell kinetic of peritoneal leukocytes after stimulation with
inactivated A. salmonicida. On the plots (a), a representative dot plot pattern
is shown. On the graph (b) the cell kinetic of the peritoneal leukocytes is
shown; shaded bars represent control fish, full stand for stimulated one. Cell
kinetic of myeloid cells is shown on graph (c), while the lymphocytes are
shown on (d). Graphs depict the mean values with SD error bars. Significant
changes counted by one-way ANOVA are marked with (+) for p ≤ 0,05 and
with (*) for p ≤ 0,01.
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Despite the fact, that the injection of inactivated bacteria induced much stronger response
than PBS, a slight increase in cell number was observed in the control group, too. To
analyse, whether the reaction pattern induced by PBS corresponded with iA.s., the number
of both myeloid and lymphoid cells were plotted together in one graph (Figure 10). As
shown on the graph, the number of myeloid cells in PBS injected trout show a different
reaction pattern comparing to iA.s.; their number was slowly increasing and peaked first
after 48 hpi, in contrast to iA.s. injected fish, where myeloid cells reacted to the antigen
instantly (Figure 10a). On the other hand, analysis of lymphoid cells showed that both
groups reacted to injection in a similar pattern, but with different intensity. Eventually, the
number of lymphocytes reacting to the PBS stimulation is almost 10 times lower than
upon antigenic stimulation (Figure 10b).

Figure 10: Comparison of the total cell numbers of myeloid (a) and lymphoid
(b) cells during the stimulation with iA.s. (black symbols) and PBS (open
symbols).

To evaluate changes in the proportion of both cell populations, the percentage of myeloid
and lymphoid cells was counted from the total cell number. Two different reaction
patterns were obtained. The first (Figure 11a), belonging to PBS injection is showing only
mild fluctuations in the proportion of lymphoid and myeloid cells. The lymphocytes
remained the predominant cell type, and their percentage never dropped under 58 %,
while the percentage of myeloid cells never exceeded 30 %. Contrary, in fish stimulated
with iA.s., two complete changes of cells types were observed (Figure 11b). The first
change can be accounted to the rapid influx of myeloid cells after the injection. As soon
as 6 hpi, the proportion of myeloid cells grew from 23 to 72 %. Thus, the first 24 hpi were
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under the control of myeloid cells, which later dropped back to 20 %. The lymphoid cells
underwent an inverse development, representing 25 % of all cells in the early time points
and became the major cell type from 48 hpi on. When plotted together, both lines crossed
each other and demonstrated the points of the exchange between the innate and adaptive
immune response.

Figure 11: Graph show proportion of lymphoid () and myeloid cells ()
during stimulation with PBS (empty marks) and with inactivated A.
salmonicida (filled marks).

3.2.1.2 Cell composition after antigenic stimulation
In order to identify the main cell types participating on the immune reaction in the
peritoneal cavity, cells were stained with MAb and examined by flow cytometry.
Expectedly, obtained results identified a number of significant differences between
control and stimulated fish. Furthermore, remarkable differences were observed, when the
cell number of a particular cell type was calculated from the percentage and total cell
number.
The most prominent differences were observed using anti-myeloid MAb 21 during first
24 hpi. As shown on Figure 12a, the proportion of MAb 21+ cells was significantly higher
during all three time points following the injection of iA.s. than in control. Their
percentage grew from 30 to 50 % of all cells within first 12 hpi and although it declined to
40 % at 24 hpi, myeloid cells remained the major cell type. Later the percentage of MAb
21+ cells in iA.s. stimulated fish dropped to 18 and 15 % respectively and no significant
difference to control group was observed. As for the cell number, MAb 21+ cells in iA.s.
stimulated fish copied the pattern of myeloid cells described above (Figure 12b).
Stimulated trout had within first 12 hours approximately 20 times more MAb 21+ cells
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than PBS control, in which cell number underwent only slight increase. Later MAb 21+
cells were substituted by lymphocytes, albeit they still remain in the cavity in
considerably high numbers of 1 x 105 cells/ml.

Figure 12: Kinetic of myeloid cells during the stimulation with iA.s. (filled
bars) or with PBS (hatched) Graph (a) shows the mean percentage of
MAb21+ cells and graph (b) compare their total cell number. Graphs depict
the mean values with SD error bars. Significant changes counted by one-way
ANOVA are marked with (+) for p ≤ 0,05 and with (*) for p ≤ 0,01.

Lymphocytes were previously shown to dominate the peritoneal cavity in the second
phase of immune reaction. Monoclonal antibodies recognizing T and B lymphocytes were
used to evaluate the contribution of these cell types in the development of inflammation.
During the course of the reaction, the proportion of T cells estimated by MAb D30
changed only a little in both groups (8-15 % in iA.s., 13-16 % in PBS) (Figure 13a).
Surprisingly, the greatest difference was observed at the first two time points, when iA.s..
injection induced a significant decrease in the proportion of D30+ cells.
Apparent differences were revealed when the percentage was re-counted to the total
number of T cells (Figure 13b). Naturally, the number of T cells in stimulated group
reached higher number of cells than the control. The peak was reached at the latest time
point, with almost 1 x 105 cells, which was eight times more than in the control group.
Furthermore, as mentioned previously, in unstimulated peritoneal cavity no CD8α+ cells
were observed.
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Figure 13: Kinetic of T lymphocytes during the stimulation with iA.s. (filled
bars) or with PBS (hatched). Graph (a) shows the mean percentage of T cells
while graph (b) compare their total cell number. Graphs depict the mean
values with SD error bars. Significant changes counted by one-way ANOVA
are marked with (+) for p ≤ 0,05 and with (*) for p ≤ 0,01.

In contrast to T cells, the percentage of IgM+ B cells was strongly influenced by the
stimulation (Figure 14a). The strong influx of monocytes and macrophages shortly after
the injection of bacteria decreased the proportion of IgM+ B cells down to 13 %. This was
significantly lower than the percentage of B cell in the control (31%). Nevertheless, the
proportion was constantly growing from 12 hpi, at 48 hpi IgM+ B cells became the main
cell type, and they reached maximum at 72 hpi, when 2/3 of all cells were bearing surface
IgM. Thus, the percentage of IgM+ B cells in iA.s. stimulated fish increased from 13 to 61
by almost 50 %. Notably, similar increase was observed also in PBS injected group,
although only from 30 – 50 %. Prominent differences were revealed by the comparison of
the total cell number. While the number of B cells increased only slightly in the control
group, it grew constantly in the stimulated fish and eventually reached more than 4 x 105
cells/ml.

Figure 14: Kinetic of IgM+ Bcells during the stimulation with iA.s. (filled bars)
r with PBS (hatched) Graph (a) shows the mean percentage of IgM+ Bcells
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while graph (b) compare their total cell number. Graphs depict the mean
values with SD error bars. Significant changes counted by one-way ANOVA
are marked with (+) for p≤ 0,05 and with (*) for p≤ 0,01.

The last investigated cell population were thrombocytes, however no changes in their
proportion were observed and thrombocytes represented in maximum 2 % of all cells.

3.2.1.3 Proliferation of activated peritoneal leukocytes
As described earlier, the second phase of the immune reaction in the peritoneal cavity was
governed by lymphocytes. Their number in the stimulated group increased three times
within the last two investigated time points, although it was not clear whether this
increase can be ascribed to the influx from other lymphoid organs or to proliferation at the
site of inflammation. To answer this question, peritoneal leukocytes isolated at 68 hpi
were used in proliferation study with CFSE. The daily measured changes in the
fluorescence revealed decreasing intensity in cells originating from iA.s. stimulated
peritoneum while no changes were observed in the control group (
Figure 15).

Figure 15: Proliferation of PEL upon
stimulation with iA.s.. On the histograms
proliferation of four cell cultures from
activated peritoneal cavity (red, green, pink
and light blue) and one from PBS stimulated
fish (blue) are shown. Gradual decrease in
green fluorescence during the time
correspond with the cell division of
stimulated lymphocytes, whereas the
lymphocytes acquired from control fish
undergo only slight loss of the fluorescence
intensity.
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3.2.1.4 Activated peritoneal leukocytes phagocyte bacteria in vitro
The rapid reaction of the innate immune system early after recognition of pathogen aims
to eliminate its spread through the body. This is accomplished by phagocytosis and
destruction of the pathogen within monocytes and macrophages. To evaluate the
phagocytic ability of peritoneal leukocytes, freshly prepared cells from different time
points post stimulation were co-cultivated with inactivated GFP labelled A. salmonicida.
After two hours, phagocytosis was assessed by flow cytometry. Results show that
leukocytes from both groups were able to phagocyte bacteria in a comparable fashion at
all investigated time points (Figure 16).
In the control group, phagocytosis was performed by both myeloid and lymphoid cells
with minor differences between the investigated time points. In the stimulated group, the
changing proportion of myeloid and lymphoid cells influenced also the composition of
phagocytic active cells. At early time points, phagocytosis has been seen mainly in bigger
cells of myeloid origin, monocytes and macrophages. However, as the immune reaction
proceeded to the later stages and the number of myeloid cells declined, the role of
phagocytic active cells was taken over by lymphocytes. Further analysis with monoclonal
antibodies revealed that phagocytosis has been observed in part of MAb21+ cells, in IgM+
B cells, a minor fraction of T lymphocytes but never in thrombocytes (Figure 17).

38

RESULTS I. – FLOW CYTOMETRIC ANALYSIS

Figure 16: Phagocytosis of inactivated A. salmonicida expressing GFP (Ass-GFP)
by peritoneal leukocytes obtained at different time points after the
stimulation. The bigger plot shows the green fluorescence against forward
scatter. On the small plot in the upper right corner, the distribution of cells is
shown in FSC-H – SSC-H. Noteworthy, the phagocytosis is performed not only
by myeloid cells, but also by lymphocytes.
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Figure 17: Phagocytosis of inactivated Aeromonas salmonicida by peritoneal
myeloid cells (a), T cells (b) and IgM+ B cells (c).

3.2.2 Reaction of peritoneal leukocytes after the infection with A.
salmonicida
A. salmonicida is an intracellular bacterium producing a number of toxins, which might
influence the immune system. In the previous part, the effect of bacterial growth and
bacterial products on the immune system was filtered out by inactivation of bacteria in
formaldehyde, so that only the reaction of the fish immune system could be evaluated. In
a following experiment, the impact of viable bacteria on the immune system was
investigated.

3.2.2.1 Cell kinetic after infection
The injection of viable bacteria into the peritoneal cavity induced rapid changes in the cell
composition. The first phase of the reaction was governed by myeloid cells and proceeded
in a comparable manner as after the stimulation (Figure 18a). Expectedly, the injection of
viable bacteria induced an immediate influx of myeloid cells into the cavity. At early
phases of the reaction the number of cells was dramatically increasing and peaked at 24
hpi with the total 1,85 x 107 cells. Despite minor changes in the total number of cells
(from 1,85 x 107 at 24 hpi to 1,7 x 107 cells at 48 hpi) the peritoneal cavity underwent
remarkable changes during the following 24 hours. The myeloid cells decreased from 1,6
x 107 to 9,7 x 106, while lymphocytes increased from 1,7 x 106 to 6,2 x 106. Similar trend
was followed also at the last time point, and the myeloid cells were further substituted by
the lymphocytes (Figure 18b-c).
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Figure 18: Cell kinetic of peritoneal leukocytes after infection with viable A.
salmonicida. Block (a) shows the development in the cell composition the
infection, graph (b) total number of cells during measured time period (Mean
with SD error bars). Graph (c) show the total number of myeloid cells () and
lymphocytes() while proportion of these cells types is depicted in graph (d).

As for a proportion of both major cell types, myeloid cells were expectedly dominating
the cavity for more than 48 hpi. The presence of the antigen resulted in the immediate
increase of their proportion from 20 to more than 73 % and was constantly increasing to
88 % at 24 hpi. Later on, the proportion of myeloid cells decreased to 57 % at 48 hpi. In
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contrast to myeloid cells, the reaction of lymphocytes was considerably slower. Despite a
slight increase in the cell number observed at the early stage, their percentage dropped
form 65 % at 0 hpi under 20 % and remained low until 48 hpi. Eventually, egress of
myeloid cells and influx of lymphocytes increased the proportion of lymphocytes up to 76
% at the final time point (Figure 18d).

3.2.2.2 Cell composition after infection
The set of monoclonal antibodies described earlier was used to analyse the effects of
viable bacteria on the cell composition. As shown already in the analysis of FSC-S and
SSC-H, the myeloid cells were the major population in early phases of the infection.
This

result

was

confirmed

also

by

the

use

of

mAb21,

recognizing

monocytes/macrophages. Shortly after injection of the bacteria, the percentage of mAb21+
increased up to 75 % and remained above this level until 48 hpi. Later, the gradual
decrease of their percentage started (Figure 19a) and finally, at 72 hpi, only 20 % of all
cells were mAb21+. Furthermore, the analysis of the total cell number indicates, that
within 24 hpi increased number of cells regularly to reach the peak at 1,5 x 107.
Nevertheless, at the later time points number of myeloid cell decreased and stopped at 1,5
x 106 at 72 hpi (Figure 19b).

Figure 19: Kinetic of myeloid cells during the infection with A. salmonicida
Graph (a) shows the mean percentage of MAb21+ cells and graph (b)
compare their total cell number.
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Later, the proportion of T and B cells was analysed, to assess the impact of viable bacteria
on lymphocytes. In previous experiments with inactivated bacteria, T cells have shown
only slight changes in percentage. Similar reaction pattern was observed also during the
early stages of infection when the percentage oscillated between 1-4 % (Figure 20a).
However, at 72 hpi the proportion of T cells increased to 18 % and their number grew at
later time points up to 28 % at 14 dpi (data not shown). As for a total number, it remained
very low during first 24 hpi, then it doubles between 24 and 48 hpi and reached maximum
at 1,5 x 106 cells 7 dpi (Figure 20a). Thus, although the number of T cells remained
unchanged during early stages of infection, the immune reaction towards viable bacteria
induced its increase during the later time points.

Figure 20: Kinetic of T cells during infection with A. salmonicida. The
proportion of T cells is shown in graph (a). Graph (b) show the absolute
number of T cells present in the peritoneal cavity.

The second population of lymphocytes was represented by B cells. Similarly as in
stimulation with inactivated bacteria, the percentage of IgM+ B cells was strongly
influenced right from the beginning. A dramatic influx of myeloid cells decreased the
proportion of B cells down to 10 % at 6 hpi and kept it bellow 20 % until 48 hpi. As the
percentage of myeloid cells declined, B lymphocytes became the major cell population
and at 72 hpi more than 50 % of all cells bore surface IgM (Figure 21a). Additionally, the
analysis of total cell number revealed that unlike the T cells, the number of B cells was
constantly growing even at early time points. It increased 7 times during first 48 hpi,
reached the peak at 4,4 x 106 cells and remained stable till the later time points. (Figure
21b).
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Figure 21: Kinetic of IgM+ cells during infection with A. salmonicida. Graph
(a) show increasing percentage during the course of the infection, while
graph (b) show the increase in total cell number.

The last investigated cell population were thrombocytes and despite occasional
haemorrhages on the peritoneal walls, no increase in their number was observed. Thus,
thrombocytes do not play any significant role in peritoneal cavity during the infection
with A. salmonicida.

3.2.2.3 Comparison of stimulation and infection in susceptible trout
When compared to the data obtained in the stimulation experiment, the cell kinetic
induced by the infection followed a similar reaction pattern. Nevertheless, viable bacteria
induced an influx of more than three times higher number of cells and remarkable delay in
the onset of the lymphoid phase (Figure 22a).
This is further supported by the comparison of the proportion between myeloid cells and
lymphocytes (Figure 22b-d). While PBS did not induce any significant changes, both,
treatments induced a complete exchange of the dominant cells type during first 6 hours
after the injection. Thus, at 6 hpi myeloid cells represented more than 70 % of all cells in
the cavity. Strikingly, obtained data indicate, that 6 hpi was also the decisive point for the
further development. Depending on the viability of the bacteria, the proportion of myeloid
cells either started to decline in iA.s. treated fish, or it was still increasing in the fish
exposed to viable bacteria. This difference naturally influenced the development of the
lymphoid stage. Thus, while the lymphocytes became the major cells type in the inflamed
cavity already between 24 and 48 hpi, (Figure 22c), this event is delayed during infection
and occurred first after 48 hpi (Figure 22d).
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Figure 22: Cell kinetic of peritoneal leukocytes during stimulation with PBS
(white bars), IA.s. (light blue bars) and viable A. salmonicida (dark blue bars)
(a). On graphs b-d), proportion of lymphocytes () and myeloid cells()
during stimulation with PBS (b), iA.s. (c) and viable bacteria (d) is depicted.

Considering the kinetic of distinct leukocytes subpopulations, stimulation and infection
induced a comparable reaction. Expectedly, both induced a rapid increase in the
percentage of myeloid cells recognized by MAb21. Notably, while the percentage of
myeloid cells peaked in stimulated group at 6 hpi and gradually decreased later on,
infection postpone the peak to 24 hpi. Eventually, the percentage of MAb21+ cells
reached the same values at final the time point (Figure 23a).
The delay in the onset of lymphoid phase during infection naturally influenced also the
kinetic of T cells and IgM+ B cells. As for the T cells, their percentage remained quite
stable during the course of stimulation and similar trend was observed also during the
infection. Notably, an overwhelming number of myeloid cells recruited to the cavity
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during infection decreased the proportion of T cells even lower and their percentage
recovered to the initial value first after 72 hpi (Figure 23b).
Finally, IgM+ B cells were previously shown to be the major cell type present in the
peritoneal cavity of stimulated fish increasing from 13 % at 6 hpi to 63 % at 72 hpi.
Although delayed, similar trend has been observed also during the infection. Despite the
delay caused by prolonged persistence of myeloid cells in the cavity, number of IgM+

B

cells was gradually increasing from 24 hpi and reached 53 % at the latest time point
(Figure 23c).

Figure 23 : Comparison of cell kinetic during infection and stimulation. Graph
(a) show the percentage of myeloid cells, (b)of T and IgM+ B cells (c). White
bars indicate the percentage of untouched controls, shaded bars stand for
PBS control, light blue represents stimulation with inactivated bacteria and
dark blue represent values obtained in the infection experiment. Graphs
depict the mean values with SD error bars.
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3.3

Peritoneal cavity of resistant trout

The results presented in the first part of this chapter provided a robust platform for further
investigations of disease resistance. Thus, taking advantage of established methods,
similar experiments have been performed with the resistant strain to identify the cellular
mechanisms underlying the different suspectibility to pathogen.

3.3.1 Peritoneal cavity after the antigenic stimulation
3.3.1.1 Cell kinetic after antigenic stimulation
To investigate differences in the cellular reaction induced by stimulation, the resistant
trout have been stimulated with ip. injection of inactivated A. salmonicida and PBS
respectively. To ensure comparability of obtained results, the stimulation was carried out
with the same antigen and in a similar manner as in susceptible trout. Flow cytometric
analysis of the total cell number revealed similar reaction pattern to that described in the
susceptible strain. While the number of leukocytes in the peritoneal cavity of fish injected
with sterile-filtered PBS did not change significantly during all measured time-points,
stimulation induced rapid changes in the cell number and cell compostion (Figure 24).
Remarkably, within the first 6 hpi the number of cells was increasing and reached 4 times
more cells than PBS control. Notably, the majority of the cells were of myeloid origin. In
following 6 hours, the number of cells triplicated and reached the first peak at 12 hpi. The
total number of cells at this time point was 2,09 x 105 cells/ml and although 2/3 of the
cells have been represented by myeloid cells, lymphocytes represented considerable cell
fraction already. At the later time points the number of myeloid cells was no longer
increasing and dropped to 6 x 104 cells/ml. The myeloid cells have been substituted by
lymphocytes, which became the major cell population at 24 hpi. Constantly increasing,
1,5 times every time point, lymphocytes reached its peak at 72 hpi with 2,2 x 105 cells/ml.
At that time, 70 % of all cells were lymphocytes.
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Figure 24: Cell kinetic of peritoneal leukocytes after stimulation with
inactivated A. salmonicida. On the graph (a) cell kinetic of the peritoneal
leukocytes is shown; shaded bars represent control fish, full stand for
stimulated one. Cell kinetic of myeloid cells is shown on graph (c), while the
lymphocytes are shown on (d). Graphs depict the mean values with SD error
bars. Significant changes counted by one-way ANOVA are marked with (+)
for p≤ 0,05 and with (*) for p≤ 0,01.

In the susceptible trout injection of PBS induced slight increase in the number of
lymphocytes. To evaluate whether this is a common reaction pattern, the number of
myeloid and lymphoid cells obtained from PBS or iA.s. stimulated fish were plotted
together in Figure 25a. Expectedly, while injection of inactivated bacteria induced a rapid
increase in myeloid cell number with the peak at 12 hpi, injection of PBS did not affect
the number of myeloid cells at all. Nevertheless, similarly as in the susceptible trout, PBS
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did slightly influence the population of lymphocytes and led to a slight increase in the
cells number at 48 hpi. (Figure 25b).

Figure 25: Cell composition of peritoneal leukocytes after stimulation with
iA.s. and PBS in resistant trout. Graphs show the kinetic of myeloid (a) and
lymphoid (b) cells during stimulation.

From the total number of cells, the percentage of myeloid and lymphoid cells was
calculated to evaluate the changes in proportion of both cell populations during the
experiment. In Figure 26, the proportion of lymphoid and myeloid cells in PBS stimulated
fish is depicted.

Figure 26: Graphs show proportion of lymphoid () and myeloid cells ()
during stimulation with a) PBS (empty marks) and b) stimulation with A.
salmonicida (filled marks).

As shown, PBS stimulated peritoneal cavity retained the initial ratio between both
populations; lymphoid cells remained the predominant cell type and myeloid cells never
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exceed 25 % of all cells. Unlike the PBS stimulation, inactivated iA.s. induced two
complete changes of the cell types. The first was caused by the recruitment of myeloid
cells into the cavity shortly after the stimulation. At this stage, myeloid cells represent
almost 70 % of all cells, while lymphocytes reached around 25 %. The second change
took place at 24 hpi in the reverse direction, when the lymphoid cells reached 50 % of all
cells and overtook the control of the peritoneal cavity.

3.3.1.2 Cell composition after antigenic stimulation
Once the kinetic of peritoneal leukocytes was evaluated, the cellular composition was
investigated using a unique set of MAb recognizing myeloid cells, T cells and IgM+ B
cells.
Expectedly, the most apparent changes were observed in the percentage of myeloid cells
shortly after the injection of bacteria. Their number increased rapidly and after 6 hours
myeloid cells represented more than 60 % of all cells. Nevertheless, their proportion
started to decline just 6 hours later and at 24 hpi reaches the myeloid cells percentage of
only 39 %. The rapid changes of the percentage further underlined the changes in the total
number of myeloid cells at each time point. Strikingly, the number of cells recognized by
MAb 21+ increased within first 12 hpi more than ten times, when compared to the relevant
PBS control. Nevertheless, as the reaction proceeded to later stages, their number dropped
down to 4 x 104 cells/ml (Figure 27a and b).

Figure 27 : Kinetic of myeloid cells during the stimulation with iA.s. (filled
bars) or with PBS (hatched). Graph (a) shows the mean percentage of
myeloid cells while graph (b) compare their total cell number. Graphs depict
the mean values with SD error bars. Significant changes counted by one-way
ANOVA are marked with (+) for p≤ 0,05 and with (*) for p≤ 0,01.
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Since the lymphoid stage started in the resistant trout very early after the injection of
antigen, it was vital to elucidate the composition of the lymphocytes and determine the
role of major subpopulations, B and T lymphocytes during the later phases of the reaction.
The data obtained by immunophenotyping with the MAb D30 indicate, that T
lymphocytes represent only marginal population of the reacting peritoneal lymphocytes.
Nevertheless obtained data suggest, that during first 48 hpi, represent the T lymphocytes
only 1-5 % of all cells in the peritoneal cavity and it was not dramatically increasing even
during the last investigated time point. Finally, at 72 hpi the proportion of T cells doubled
to 10 %, they remained the smallest population of the cells (Figure 28 a and b).

Figure 28: Kinetic of T cells during the stimulation with iA.s. (filled bars) or
with PBS (hatched) Graph (a) shows the mean percentage of T cells while
graph (b) compare their total cell number. Graphs depict the mean values
with SD error bars. Significant changes counted by one-way ANOVA are
marked with (+) for p≤ 0,05 and with (*) for p≤ 0,01.

Unlike T cells, the percentage of IgM+ B cell underwent dramatic changes upon the
stimulation. Despite the strong influx of myeloid cells which significantly lowered their
proportion down to 20 % in early stages, B cells represented more than 50 % of all cells at
24 hpi. Subsequently, the proportion grew constantly and reached 75 % of all cells at 72
hpi. Notably, a slight increase in the percentage was observed also in the control group.
Nevertheless, as demonstrated on Figure 29, this increase did not represent any
remarkable increase of the actual cell number. Eventually, the number of B cells in the
control group during the time course of experiment doubled. Contrary, fish stimulated by
the injection of iA.s. showed constant increase of B which finally reaches the maximum
of 1,6 x 105 at 72 hpi; 10 times more than at 6 hpi.
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Figure 29: Kinetic of IgM+ B cells during the stimulation with iA.s. (filled bars)
or with PBS (hatched) Graph (a) shows the mean percentage of IgM+ B cells
while graph (b) compare their total cell number. Graphs depict the mean
values with SD error bars. Significant changes counted by one-way ANOVA
are marked with (+) for p≤ 0,05 and with (*) for p≤ 0,01.

Finally, it is worth to mention, that comparable to previous trials, no changes in the
number of thrombocytes were observed.

3.3.1.3 Comparison of cell kinetic between resistant and susceptible trout
Comparison of both trout lines revealed major differences in the cell number, but only
minor effect of the cell composition. In both strains be the reaction can divided into two
phases based on the dominating cells type. The first phase is characterized by the
immediate increase of the myeloid cell number upon the injection of bacteria into the
body. Remarkably, in the resistant trout induced the injection of identical dose of bacteria
significantly lower number of reacting myeloid cells (Figure 30).
Furthermore, the number of myeloid cells peaked at 12 hpi, whereas their number in the
susceptible trout was constantly increasing for further 12 hpi. Additionally, the
comparison of total cell numbers at 24 hpi revealed highly significant differences in the
cell number between both strains, as the susceptible strain possessed almost three times
more peritoneal leukocytes than the resistant trout.
The second stage of the immune reaction in both trout lines was controlled by the
lymphocytes and peaked in both cases at 72 hpi. As for the myeloid cells, the total
number of lymphocytes in the susceptible trout was significantly higher than in resistant
and reached three times higher values. The proportion of the myeloid and lymphoid cells
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has been compared between both trout lines and plotted into the graph for final
comparison (Figure 31a and b).

Figure 30: Comparison of the peritoneal reaction towards iA.s. (filled bars)
and PBS (shaded bars) between susceptible (blue) and resistant (red) trout.
Graph (a) show the changes in the total number of cells, (b) and (c) depict
changes in the number of myeloid cells and lymphocytes. Graphs show the
mean values with SD error bars. Significant changes counted by one-way
ANOVA are marked with (+) for p≤ 0,05 and with (*) for p≤ 0,01.

As shown here, in the susceptible trout took the exchange of myeloid and lymphoid cells
place between 24-48 hpi, while in the resistant strain it finished between 12-24 hpi.
Finally, it can be concluded, that although the resistant trout reacted to the stimulation
with inactivated bacteria in a similar manner as the susceptible, its reaction was
accomplished with a lower number of cells and the initial phase dominated by myeloid
cells was finished earlier (Figure 31c and d).
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Figure 31: Comparison of cellular composition of peritoneal leukocytes in
susceptible (;) and resistant (;) trout during stimulation with iA.s..
Graph (a) compare the total number of myeloid cells, (b) compares the total
number of lymphocytes. Proportion of these cells types during the
stimulation is shown on graph (c) for resistant trout, (d) for susceptible fish.

3.3.1.4 Comparison of the cell composition between resistant and susceptible
trout
The data aquaried from both strains were compared to evaluate the differences in the
contribution of distinct cell populations on the immune reaction. Myeloid cells were
described as the first cell population recruited to the stimulated peritoneal cavity,
dominating at the early phases. This reaction was observed in both trout strains. While the
control group injected with PBS did not underwent any dramatic changes, the proportion
of myeloid cells increased shortly after the injection of antigen up to 60 %. Within the
following time points, the proportion of myeloid cells underwent a decline and recovered
to 20 % at 48 hpi. The only differences were observed, when the total cell number of
54

RESULTS I. – FLOW CYTOMETRIC ANALYSIS
myeloid cells were compared. Here, it is apparent, that while the myeloid cells reached
their peak at 12 hpi in the resistant strain, their number was still increasing in the
susceptible fish. Finally at 24 hpi, the susceptible trout was reacting with three times
higher number of mAb 21+ cells (Figure 32a and b).

Figure 32: Comparison of the reactivity of myeloid cells between susceptible
(blue bars) and resistant (red bars) trout during stimulation with iA.s. On
Graph (a) proportion of myeloid cells is shown, graph (b) depicts the actual
number of cells. Graphs depict the mean values with SD error bars

In both strains, the distribution of T cells did not change significantly and had been more
influenced by the recruitment of other cell types. Firstly, the proportion of T cells was
reduced by the rapid influx of the myeloid cells at the early stage of the reaction and
started to recover first at 24 hpi. Notably, comparison of both strains revealed slightly
lower number of T cells in the resistant trout. However, these differences were not
statistically significant and apparent differences were observed only in the comparison of
the total number of T cells. Here, the peritoneal cavity of susceptible trout contained a
higher number of T cells than in resistant ( Figure 33a and b).

Figure 33: Comparison of the contribution of T cells on the immune response
in susceptible (blue bars) and resistant (red bars) trout during stimulation
with iA.s. On Graph (a) proportion of T cells is shown, graph (b) depicts the
actual number of cells. Graphs depict the mean values with SD error bars
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IgM+ B cells were previously identified as cell subpopulation, which undergoes the most
prominent changes upon the stimulation. Generally, the proportion of B cells was shown
to decline at early stages affected by massive influx of myeloid cells. This decline was
followed by a constant increase in the cell number and final dominance of B cells at later
time points. This reaction proceeded in a comparable manner in both strains. Eventually,
at 72 hpi the percentage of B cells surpassed the border of 60 % in both strains. As
expected from the differences in the total cell number, there have been a considerable
differences observed in the number of B lymphocytes, too. Especially at later time points,
the total number of B cells in susceptible trout reached more than twice as much cells as
in resistant fish (Figure 34a and b).

+

Figure 34: Comparison of the contribution of IgM B cells on the immune
response in susceptible (blue bars) and resistant (red bars) trout during
+
stimulation with iA.s. On Graph (a) proportion of IgM B cells is shown, graph
(b) depicts the actual number of cells. Graphs depict the mean values with
SD error bars

3.3.2 Reaction of peritoneal leukocytes after the infection with A.
salmonicida
Results from the previous chapter provided the first hints about the differences in the
activity of the immune system of trout strains towards an inactivated antigen. However, it
remained to evaluate, whether the resistant trout perform in a similar way in the infection
experiment with viable A. salmonicida. In the first part, the results obtained from the
resistant trout are described followed by the comparison with the data from susceptible
strain.
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3.3.2.1 Cell kinetic after infection
Similarly to the reaction observed in previous experiments, the early hours following the
injection of the bacteria were dominated by myeloid cells. The reaction was rapid and the
number of cells reached its peak after 12 hpi with the total 7,65 x 106 cells. 82 % of all
cells present in the cavity at that time belonged to the myeloid lineage and lymphocytes
were represented only as a small fraction. At 24 hpi, the total number of cells dropped to
the 4,4 x 106 cells/ml with the myeloid cells being still the major cell population, even
though the fraction of lymphocytes was considerably increasing. At 48 hpi the peritoneal
cavity was populated preferably by the lymphocytes, which were increasing in the cell
number until the end of the experiment at 72 hpi (Figure 35a and b).

Figure 35: Cell kinetic of peritoneal leukocytes after infection with viable A.
salmonicida in resistant trout. Graph shows (a) total number of cells during
measured time period (Mean with SD error bars). Graph (b) shows the total
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number of myeloid cells () and lymphocytes() while proportion of these
cells types is depicted in graph (c).

Similarly, the analysis of proportion of major cell types confirmed the observed data.
Myeloid cells, although predominant during the early time points, represented the
majority of the cells only until 24 hpi. Even though the recruitment of the myeloid cells
induced by the pathogen led to the rapid increase of their proportion during the first 12
hours from 22 to 80 %, it dropped down later on and at 48 hpi represented myeloid cells
only 36 % of all cells. This decrease was caused by a continually growing number of
lymphocytes, which after the initial decrease to 14 % at 12 hpi recovered back to 60 % at
48 hpi and grew constantly till the end of the observation (Figure 35c).

3.3.2.2 Cell composition after infection
It remained to estimate the effect of the infection on the composition of peritoneal
leukocytes by the monoclonal antibody.
The kinetic of myeloid cells recognized by MAb21 copied at the early time points data
assessed by the analysis of FSC-H and SSC-H. Remarkably, the onset of myeloid cells in
the resistant trout was not as dramatic and at 6 hpi, the mAb21+ cells represented only 40
% of all cells in the cavity. The recruitment in following 6 hours increased their
proportion up to 80 %, but then their number decreased rapidly to 15 % at 24 hpi.
Eventually, during the following time points, the proportion of myeloid cells remained
low and did not exceed 35 %. (Figure 36a and b).

Figure 36: Kinetic of myeloid cells during infection with with A. salmonicida.
Graph (a) shows the changes in percentage, graph (b) depict the changes in
total cell number.
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The number of IgM+ B lymphocytes was influenced by the injection of viable bacteria
right from the beginning. Initially, at 6 hpi IgM B cells represented approximately 30 %
of all cells in the cavity, but then it dropped down to 8 % at 12 hpi. Back to 50 %
recovered the percentage of B cells first at 48 hpi and peaked at 72 hpi with 65 %.
Furthermore, when the total number of B cells was calculated, it revealed a constant
growth starting as soon as at 12 hpi. Although, the number of B cell remained unchanged
during the first time points, it triplicated between 12 and 24 hpi and doubled within the
following 48 hours to peak at 3,9 x 106 cells/ml at 72 hpi. (Figure 37a and b).

+

Figure 37: Kinetic of IgM cells during infection with with A. salmonicida.
Graph (a) shows the changes in percentage, graph (b) depict the changes in
total cell number.

Finally, as shown in the cytometric analysis with MAbD30, the infection with viable
bacteria did not induce any dramatic changes in the proportion of T cells. During the early
time points the number of T cells remained under 5 % and increased first at 24 hpi up to
26 %. At 48 and 72 hpi the percentage stabilized on 14 %. As for a total number, T cells
remained the marginal population during all investigated time points, even thought their
number increased ten times during the course of infection (Figure 38a and b)

Figure 38: Kinetic of T cells during infection with during infection with with A.
salmonicida. Graph (a) shows the changes in percentage, graph (b) depict the
changes in total cell number.
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3.3.2.3 Comparison of cell kinetic between resistant and susceptible trout
The comparison of the immune reaction of both trout strains after the injection of viable
bacteria confirmed the observations made before in the stimulation experiments. One of
the major differences between both strains was the number of reacting cells (Figure 39).
While the resistant fish reached its highest cell number at 12 hpi with the total 7,65 x 106
cells/ml, the number of cells in the susceptible trout climbed almost three times higher to
1,85 x 107 cells/ml (Figure 39a).

Figure 39: Comparison of the reaction against viable A. salmonicida in
susceptible (blue) and resistant (red) trout. Graph (a) show the changes in
the total number of cells, (b) and (c) depict changes in the number of myeloid
cells and lymphocytes. Graphs show the mean values with SD error bars.

Another remarkable difference was the prolonged domination of the peritoneal cavity by
myeloid cells, which lasted in the susceptible trout until 48 hpi (Figure 39b). Contrary, the
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percentage of myeloid cells in the resistant strain dropped under 50 % after 24 hpi (from
63 to 36 % of all cells) (Figure 39c). This resulted in a delayed exchange of the major cell
types, which occured in the resistant trout between 24-48 hpi (Figure 39c), but in the
susceptible appeared first after 48 hpi (Figure 39b).

3.3.2.4 Cell composition during the infection – resistant vs. susceptible trout
The data acquired in the infection trials confirmed the conjecture from the stimulation
trials. The inflammation in resistant trout induced a lower number of cells and progressed
to the resolution with higher pace, although the contribution of distinct cell populations
was comparable.
Myeloid cells stained by MAb 21, played the major role in both trout strains and their
proportion exceeded 75 % soon after the injection of bacteria. Notably, as shown by the
comparison at 6 hpi, the susceptible trout reacted to the infection faster than the resistant.
At 12 hpi reached both strains a comparable amount of myeloid cells and remarkable
differences were observed between both strains first at later time points. While the
proportion of myeloid cells remained very high in the susceptible strain and started to
decrease first at 48 hpi, it dropped steeply in the resistant trout. Eventually, at 72 hpi the
proportion of myeloid cells reached a comparably low amount in both strains and the
inflammation proceeded to the lymphoid stage (Figure 40a and b).

Figure 40: The comparison of the reactivity of myeloid cells between
susceptible (blue bars) and resistant (red bars) trout during infection with
A.s. On Graph (a) proportion of myeloid cells is shown, graph (b) depicts the
actual number of cells.

Although the influx of lymphocytes into the peritoneal cavity was delayed in the
susceptible trout, both lines exhibited a similar pattern of the lymphoid stage. In both
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strains this stage was controlled by B lymphocytes, which finally increased up to 53 % in
susceptible and to 65 % in the resistant trout. Furthermore, both lines reached at 72 hpi a
comparable number of B cells, approximately 4 x 106 cells (Figure 41a and b).

+

Figure 41: Comparison of the reactivity of IgM cells between susceptible
(blue bars) and resistant (red bars) trout during infection with A.s. On Graph
(a) proportion of myeloid cells is shown, graph (b) depicts the actual number
of cells.

Finally, the reaction of T cells showed a high similarity between both strains. Typically,
their percentage decreased in the beginning of the reaction started to grow first after 48
hpi, when the myeloid cells left. During the last studied time point the number of T cells
increased to almost 18 % in the susceptible and 14 % in the resistant trout and continued
in growth until 7 dpi. At that time, the total number of T cells reached 1x106 cells in
resistant and 1,5x106 cells in the susceptible (Figure 42).

Figure 42: Comparison of the reactivity of T cells between susceptible (blue
bars) and resistant (red bars) trout during infection with A.s. On Graph (a)
proportion of myeloid cells is shown, graph (b) depicts the actual number of
cells.
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3.4

Summary

In this chapter, the peritoneal cavity has been described as a unique niche of teleost
immune system and the obtained results can be summarized in the following facts:


The resident peritoneal leukocytes belong predominantly to the lymphoid lineage,
with IgM+ being the predominant cell type.



Upon the stimulation the peritoneal cavity undergoes rapid changes in the
composition, which results in two complete changes of the main cell types within
first 72 hpi.



The early phase of the reaction is dominated by myeloid cells, while the second is
controlled by IgM+ B cells.



The peritoneal leukocytes, including the lymphocytes exhibit phagocytic activity
and proliferate directly in the peritoneal cavity.



The infection with viable bacteria induces a comparable reaction as the stimulation
with inactivated antigen. Nevertheless, the immune response of myeloid cells is
much stronger and delays the onset of lymphoid phase.

Later, the model of peritoneal inflammation induced by A. salmonicida has been applied
to the second strain of rainbow trout, known for its higher resistance in the infection. The
comparison of obtained data suggests that:


Both strains reacted towards the stimulation and infection in a comparable manner
but differ in the intensity.



The susceptible trout recruited a higher number of myeloid cells, thus prolonging
the myeloid phase of the reaction and delay the resolution of inflammation.



The onset of lymphoid phase takes place first when the myeloid cells egress from
the cavity.
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4. Discussion I. – Flow cytometric analysis
The aim of presented work was not only the description of events ongoing in the
peritoneal cavity of rainbow trout during the stimulation and infection with A.
salmonicida, but also the identification of differences between the investigated trout
strains. By that, the results of presented experiments offer insights into the host-pathogen
interaction on several levels. Firstly, it enables the investigation of the effects of viable
bacteria and inactivated antigen on the development of immune response, and it enables to
identify the crucial differences between trout strains with a different disease resistance. So
far unprecedented approach provides for the first time comparative insights into the
development of immunity in fish.
In the first part of the discussion, the results concerning the composition of the peritoneal
cavity will be discussed together with the kinetic of the leukocytes subsets. These will
further serve as a platform for the comparative analysis of the immune response in both
trout strains.

4.1

Peritoneal cavity as unique niche

In the first chapter, the resident leukocytes of the peritoneal cavity were characterized. In
contrast to the general opinion, the peritoneal cavity of rainbow trout is not populated
only by a mixture of different myeloid cells (monocytes, macrophages etc.), but it is
dominated by a unique population of lymphocytes. According to their morphometric
characteristic observed in flow cytometry, the peritoneal leukocytes in unstimulated trout
were divided into two populations: lymphocytes as the predominant cell types, the bigger
cells of myeloid origin as the minority. This confirmed results of Afonso et al. (1997),
who analysed the composition of trout peritoneal leukocytes using the light and electron
microscopy. However, the composition seems to be species specific and lymphocytes not
always represent the dominant cell type. For example in barramundi (Lates calcarifer), is
the number of myeloid cells and lymphocytes equal (Tumbol et al., 2009), while in
seabream (Sparus aurata) and Sea bass (Dicentrarchus labrax) dominate the myeloid
cells the cavity and lymphocytes represents just a small fraction (Meseguer et al., 1993).
So far, reasons and consequences of this difference remain unclear.
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In our model, flow cytometric analyses with a unique set of monoclonal antibodies
revealed the presence of myeloid cells (namely monocytes/macrophages), T cells and B
cells. In addition, the use of monoclonal antibodies helped to overcome the obstacles with
the differentiation of small monocytes/macrophages from the population of lymphocytes
reported previously (Afonso et al., 1997).
The monocytes, macrophages and neutrophils represent the major effectors of innate
immune system in the peritoneal cavity and their features have been studied in both
unstimulated and stimulated conditions in trout (Afonso et al., 1997; Afonso et al., 1998;
Afonso et al., 2000) and other fish species (Meseguer et al., 1993; do Vale et al., 2002;
Tumbol et al., 2009). Generally, the macrophages represent the majority of myeloid cells
in the unstimulated cavity, while the neutrophils represent only a marginal fraction. These
two populations could be further distinguished based on their peroxidase activity (Afonso
et al., 1997). In our study, the proportion of monocytes, macrophages and neutrophils was
not closely estimated, since the monoclonal antibody used in the flow cytometry
recognizes all three populations.
The adaptive immune system is in the peritoneal cavity represented by T and B
lymphocytes. The first mentioned represents the minority of peritoneal lymphocytes and
due to the lack of surface CD8α it can be assumed, that peritoneal T cells might rather act
as T helper cells (Takizawa et al., 2011).
The population of second was estimated using a previously characterized anti-IgM MAb
1.14 recognizing the heavy chain of trout immunoglobulin (DeLuca et al., 1983).
Unfortunately, due to the lack of further markers, it was not possible to investigate
whether the peritoneal B cells of rainbow trout exhibit a similar dichotomy as mouse B
cells, clustering into the B1 and B2 subset according to the expression of CD5 (Martin
and Kearney, 2001). Assuming that IgM+ B cells represent the predominant cell type in
the unstimulated peritoneal cavity, it would be intriguing to investigate whether they have
a similar features as mammalian B1 B cells such as the production of natural antibodies
(Boes, 2000; Kawahara et al., 2003), the activation via TLR (Ha et al., 2006) or the
secretion of immunoglobulin in a T-independent manner (Martin and Kearney, 2001).
The thrombocytes were found only rarely and their number never exceeded 2 %. The
absence of thrombocytes suggests, that their ability to act as a part of the immune system
in antigen presentation, cytokine expression etc. (reviewed in (Meseguer et al., 2002) does
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not play a significant role in the protection of the peritoneal cavity. As described earlier
(Afonso et al., 1997), the absence of thrombocytes is an valuable indicator for a
convenient preparation of peritoneal leukocytes, since it excludes a contamination with
peripheral blood leukocytes, where the number of thrombocytes usually exceeds 20 %.
Part of peritoneal lymphocytes (10-15 %) was not recognized by any of our MAb and
these cells were assigned as unknown. Just recently, the discovery of IgT+B cells shed
some light on the nature of these cells. It was shown, that they belong to the distinct
population of B cells bearing surface IgT specialized in a mucosal immune system (Zhang
et al., 2010b). However, whether trout peritoneal B cells (IgM and IgT) participate on the
production of intestinal immunoglobulin as shown in the mice (Kroese et al., 1989)
remains unclear.
Once the cell composition of the unstimulated cavity was evaluated, a model of the
peritoneal inflammation using A. salmonicida used for further investigations could have
been established.

4.2

Peritoneal cavity and its activation

Aeromonas salmonicida, the causative agent of furunculosis, is a commonly used model
for studies of host pathogen interaction in salmonids (Mulder et al., 2007). It is known,
that this bacterium produces a number of exo- and endotoxins, collectively called
extracellular products (ECP) (Jutfelt et al., 2008). These involve proteases, haemolysins,
cytolysins, phospholipases (Masada et al., 2002) and have been shown to influence host
immune response (Fast et al., 2009). For this reason the presented study was divided into
two parts. In the first, formalin-killed bacteria were used to evaluate the host response
against antigen; later the host-pathogen interaction with viable bacteria was studied.
As mentioned in the introduction, the delivery of bacteria into the body represented
considerable problem of the experimental design. Despite a substantial scientific effort,
the infection route of A. salmonicida in rainbow trout is still not fully described.
Previously, it has been proposed that Aeromonas penetrate skin, gill or gut, but the
published data are often contradictory (Bøgwald et al., 1994; Svendsen and Bogwald,
1997; Svendsen et al., 1999b). Hence, for this study, the i.p. injection was chosen as the
safest way of delivery assuring that all individuals receive a similar bacterial load.
Moreover, considering that Jutfelt et al. (Jutfelt et al., 2006) have shown the bacterial
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translocation across the intestinal epithelia, it might be also able to penetrate to the
peritoneal cavity. In light of these results, the i.p. injection does not represent purely
artificial infection route.
Additionally, a detailed study of the cellular and molecular processes in the peritoneal
cavity after the introduction of stimulant would we particularly useful for applied science.
Despite a frequent use of i.p. injection in the vaccine delivery and challenge experiments,
no detailed description of cell kinetic or leukocyte composition is available. Thus, new
information would not only benefit to the current knowledge of local immune system, but
its applications could improve the vaccine formulations.
Formerly, the cellular events in the peritoneal cavity have been studied in many fish
species after the stimulation with a broad variety of stimulants. However, due to the lack
of monoclonal antibodies, researches usually focus on a certain cell population or use
exclusively molecular tools in their studies. In the presented study, the composition of
leukocytes in the peritoneal cavity after the immunization and infection with A.
salmonicida is described.
As shown in the result section, the peritoneal cavity undergoes remarkable changes in a
cell number very early after the stimulation or infection. It is astonishing that first changes
can be observed as soon as 6 hpi, even though the immune response develops at 15 °C.
The ability to elicit such a strong immune response under these conditions demonstrates
the delicate tuning of the teleost innate immune response. Expectedly, the early stages of
the peritoneal inflammation were under the control of monocytes, macrophages and
neutrophils, which were commonly assigned as myeloid cells. Their functions have been
intensively examined by Antonio Afonso in late nineties in the series of experiments with
a viable and formol-killed Yersinia ruckeri, casein and incomplete Freud adjuvants
(Afonso et al., 1998). Using light and electron microscopy, he investigated the differences
between subpopulations of these cells and based on the presence of cytoplasmic glycogen
granules and the peroxidase activity he identified the neutrophils, macrophages and
monocytes. Finally, it was proposed, that as in mammals, the macrophages represent the
tissue resident phagocytes while the neutrophils increase in a cell number only during the
inflammation (Afonso et al., 1998). Similarly, it can be assumed that the majority of
myeloid cells recruited at the early stages of the reaction belong to the neutrophils while
the monocytes and macrophages arrived to the cavity later. The profound interest in the
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innate immune system led earlier to the identification of main functions of activated
myeloid cells in the peritoneal cavity. They have been shown to posses all weapons
necessary for a fight with the potential pathogen, including the phagocytosis, production
of reactive oxygen species and cytotoxic abilities. A detailed analysis of the composition
and functions of myeloid cells were previously described (Ellis, 1999; Ellis, 2001) and
were therefore not in the primary interest of this study.
In the presented work, the pace of myeloid cells recruitment has been independent on the
stimulation agent. Their rapid influx could be explained by the secretion of proinflammatory signals by resident leukocytes who encountered the bacteria. As shown in
Atlantic salmon, the recognition of pathogen and its phagocytosis occurs as soon as 30
minutes post exposure in vitro (Olivier et al., 1992) and leads to the production of proinflammatory genes as soon as 2 hours post exposure (Vanya Ewart et al., 2008).
However, despite a comparable start of the reaction, the resolution of inflammation and
the gradual decrease in the number of myeloid cells differed between both groups and fish
stimulated with the viable bacteria exhibited a higher proportion of myeloid cells and the
resolution of inflammation appeared with a significant delay. This is presumably caused
by the ability of A.salmonicida to reside within the macrophages (Olivier et al., 1986) and
induce their mortality (Olivier et al., 1992). Thus, all together, these results suggest that
the clearance of viable bacteria requires a stronger reaction of higher cells number than
the antigen.
The domination of myeloid cells at early stages of peritonitis has been confirmed also in
other fish species. A similar reaction of neutrophils and macrophages has been observed
in the peritoneal cavity of sea bass upon stimulation with Photobacterium damselae (do
Vale et al., 2002), in gilthead sea bream stimulated with whole yeast cells (Cuesta et al.,
2007), in carp stimulated with zymosan (mixture of yeast cell wall components β-glucan
and α-mannan) (Chadzinska et al., 2008b) and finally in zebrafish after stimulation with
E. coli (Moss et al., 2009). These data indicate a strong conservation of the innate
responses in the peritoneal cavity and stretch its importance during the evolution.
When talking about a peritoneal inflammation, the focus is usually directed to the innate
arm of the immune system and the role of lymphocytes at the later phases and their
contribution to the resolution of inflammation is rarely discussed. Concurrently,
lymphocytes from both T and B lineage are the key regulators of immune responses.
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Furthermore, as the B lymphocytes of teleost have been shown to phagocytize bacteria (Li
et al., 2006), their presence and function during the peritoneal inflammation should not be
neglected.
Despite the assertion that the acquired response is sluggish compared to the innate
(Magnadottir, 2006), in performed experiments, a continual increase in the number of
lymphocytes was observed starting as early as 12 hpi. A similar increase of lymphocytes
early after the stimulation (24-72 hpi) has also been observed in gilthead sea bream
(Cuesta et al., 2007). Thus, the presence of lymphocytes at early stages raises several
questions about their composition and possible function during the bacterial clearance.
However, this task is not possible to accomplish due to the insufficient toolbox of fish
immunologist. Luckily, questions about the function of lymphocytes during the peritoneal
inflammation attracted in the last decade attention of mouse and human immunologists
and delivered interesting results which might shed some light on the peritoneal
inflammation of rainbow trout, too. Especially, the lack of monoclonal antibody against
the trout surface markers can be easily compensated in mouse, providing an additional
knowledge about the possible composition of trout lymphocytes. Actually, the
comparison of our data with those published in mice (Rajakariar et al., 2008) revealed
striking similarities and a common behaviour of lymphocytes subsets with those obtained
in rainbow tout (Figure 43). Although a direct comparison of both data sets might raise
some questions about its applicability, we believe that both stimulation models induce
reaction patterns, which remained highly conserved in the course of evolution.
Both reactions can be divided into two phases, the first dominated by the myeloid cells
followed by the increase in the number of lymphocytes towards the resolution of the
inflammation. Additionally, the comparison of lymphocyte subsets and their contribution
to the later phase of the immune reaction indicates that action of B and T lymphocytes in
rainbow trout resembles the one observed in mouse. In both models, the number of T cells
increase during the course of inflammation only slightly, whereas B lymphocytes become
the dominating cell population. Thus, in both models, the myeloid cells govern the
reaction until the clearance of the antigen. Meanwhile, the number of lymphocytes grows
substantially, and B lymphocytes become the dominating population of lymphocytes at
later stages. Hence, the peritoneal cavity represents a relic immune niche with responses
that did not change much during the evolution.
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Figure 43: Comparison of cell composition during peritoneal inflammation in
trout (a, b, c) and mice (d, e, f)(data taken from(Rajakariar et al., 2008). In
graphs a and d, cell kinetic is compared. Graphs b and e depicts the kinetic of
B cells and finally graphs c and f show the kinetic of T cells.

Although lymphocytes dominate the peritoneal cavity at later phases of the reaction, they
presumably play a vital role also in the onset of inflammation. Thus, it was essential to
enlighten whether the composition of resident leukocytes influences the outcome of the
inflammation. Rajakariar et al. (2008) have shown an increased influx of the myeloid cells
in RAG-1 -/- mice at 2 and 6 hpi in the zymosan model of peritonitis and comparable
results were presented by Kipari et al. (2009) when the BTG model of peritonitis has been
used. Both results suggested a crucial role of lymphocytes in the regulation of early
phases of inflammation, because their absence in RAG-1 -/- mice increased the intensity
of recruitment of myeloid cells. Whether the absence of lymphocytes induces a similar
reaction in fish is not known, although detailed studies of RAG1 mutant zebrafish might
shed some light on this phenomenon in the future. An increased intensity of inflammation
in RAG1-/- mouse raises further questions about the effects of lymphocyte subsets. Here,
Kipari et al. (2009) aimed to investigate the effects of different cell populations using
mutation mouse strains with absent T lymphocytes (NUDE) and B lymphocytes (µMT).
While the NUDE mice exhibited after the stimulation an increased influx of myeloid cells,
the number of these cells has been significantly reduced in the µMT mice. These results
suggest that B and T lymphocytes play a contradictory role in the onset of inflammation,
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and while the T cells regulate the number of myeloid cells, B cells promote the
recruitment of monocytes and macrophages (Kipari et al., 2009). This promotion might be
related to the ability of B lymphocytes to react to the TLR stimulation by the production
of proinflammatory cytokines (Gray et al., 2007). Whether trout B cells posses this ability
remains unclear, but assuming that the activation via TLR belongs to the innate
capabilities of mammalian B cells it would be probably preserved also in the teleost.
As mentioned earlier, the resolution of the inflammation is characteristic by the
replacement of myeloid cells by a high numbers of lymphocytes, mainly of B cell subset.
Whether the influx of lymphocytes is induced by myeloid cells, or if the lymphocytes
cause the regress of myeloid cells from the cavity remained unclear for a long time. This
question has been addressed in the works of Rajakariar et al. (2008) and Kipari et al.
(2009). In both experiments, a decrease in the number of myeloid cells occurred in both
RAG-/- mice and wild type at the same time, even though, the number of reacting cells
was almost doubled in RAG-/- mice. These results indicate that although the lymphocytes
control the influx of myeloid cells into the peritoneal cavity at the early stages of
inflammation, they do not influence the regress of myeloid cells at later time points.
Furthermore, as shown by the experiment of Rajakariar et al. (2008), the myeloid stage
can be prolonged by the increased concentration of zymosan and lymphocytes repopulate
the cavity first, after the resolution of the inflammation occurs and the number of myeloid
cells decrease. A similar conclusion can be drawn also from the presented results of the
stimulation and infection experiments in rainbow trout. While the lymphocytes became
the principal cell population between 24 – 48 hours post stimulation, the infection delayed
the onset of lymphoid stage to the 48 – 72 hours. Hence, the presence of viable bacteria
which replicate, produce toxins and actively fight with the myeloid cells requires an
increased number of cells and their prolonged activity in the inflamed cavity. Thus, the
resolution of inflammation and the onset of lymphoid phase are controlled by the myeloid
cells in both trout and mice.
The percentage of T lymphocytes changed during the stimulation and infection only
slightly, and from the absence of CD8α+ cells can be assumed, that the majority of the T
cells present in the peritoneum belongs to the CD4 subset and plays mostly regulatory
role. The role of these cells has never been investigated in fish, and no detailed
description of T cell functions during the later phases of peritoneal inflammation is
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available in mouse either. Only Rajakariar et al. (2008) describe the kinetic of T cell
subsets and show that the T cells repopulating the cavity after the resolution of
inflammation differ from those in naïve cavity. The data obtained in mice indicate an
increase in the number of CD4+/CD25+ regulatory T cells and γδT cells. However, in fish,
the presence of these cell types has been proposed only based on the identification of
IL10, TGF, Foxp3 and TCR γ genes in several species (Wen et al., 2011) including
rainbow trout (Wang et al., 2010). Especially the identification of γδT cells would be of a
particular importance, considering their known functions in mammalian species.
Previously, these cells were shown to increase at the third day after the peritoneal
stimulation with LPS (Skeen and Ziegler, 1993) and as the only population of T cells
phagocytize opsonized bacteria (Wu et al., 2009), process the antigen and present it on the
MHC II to the conventional CD4 αβT cells (Cheng et al., 2008). Whether the small
population of cells, labelled with the putative pan-T cell marker, shown to uptake GFPlabelled A. salmonicida at later phases of the reaction, represents the population of ancient
γδT cells remains to investigate, similarly as the detailed composition of T cells and their
functions during the inflammation in the peritoneal cavity.
Further subset of lymphocytes with a high responsiveness to the peritoneal stimulation
were the B cells. Their role in the onset of the inflammation has been discussed earlier;
hence it remains to focus on their functions during the resolution of inflammation. In our
experiments, IgM+ B cells represented the major subset of lymphocytes recruited to the
peritoneal cavity at the later time points and represented the main cell type present after
48 hpi. The domination of the peritoneal cavity by B lymphocytes in later phases matches
with the data observed in mouse (Rajakariar et al., 2008). However, such a rapid
involvement of the adaptive arm of the immune system directly on the site of
inflammation has in teleost never been observed before. Furthermore, it remains unclear
whether the B cells present in the peritoneal cavity represent a unique subset with the
functions of B1 B cells or whether all fish B cells belong to only one population.
As B1 B cells, trout B cells participate in the early immune responses as a first line of
defence and represent the main source of natural IgM antibody (Avtalion et al., 2002).
Furthermore, the phagocytosis of a particulate antigen represents another feature shared
by both B1 B cells and trout B cells (Parra et al., 2012). As shown earlier (Li et al., 2006)
and confirmed by the phagocytosis experiments carried out in the presented work, B
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lymphocytes emerging at the later time points readily phagocyte the GFP labelled
bacteria. It is therefore reasonable that these cells substitute the myeloid cells at later
phases of the reaction after the bacteria clearance and resolution of inflammation to guard
the cavity. Furthermore, the presented results provide further data supporting the
hypothesis about the potential relation between the mammalian B1 B cells and fish B
cells. However, further investigations focusing on the activity of fish peritoneal B
lymphocytes are necessary to confirm this hypothesis.
The adaptive response of teleost fish is usually considered very slow and the development
of protective humoral immunity takes usually more than 4 weeks (Magnadottir, 2006).
The rapid influx of B lymphocytes to the peritoneal cavity observed in our study contrasts
with this notion and raises a number of questions about the function of these cells. Their
reaction can be possibly explained by the concept of “natural memory” described by
Martin and Kearney (2001). According to their model, after clearance of antigen by the
innate mechanisms, the B1 B cells and γδT cells fill the gap before the adaptive immunity
develop. This theory is further supported by the innate functions of these cells subsets
(Martin and Kearney, 2001)(Figure 44). The results presented in our study represent the
first hints of a similar development in teleost fish. It remains to investigate whether the B
cells dominating the peritoneal cavity at 72 hpi are identical with B cells producing the
antibody, or whether they represent a unique subset which links the innate and adaptive
immune response.
Although, the results presented in this thesis represent the first detailed description of the
peritoneal inflammation in rainbow trout, they are far from complete and still leave a
number of questions opened. Especially the function of lymphocytes remains unclear. To
assess the role of their different subsets, it would be necessary to have monoclonal
antibody for further markers like CD19, CD21, CD5 for B cells and TCRα, TCRγ and
CD4 for the recognition of T cells. Unfortunately, repeated attempts to produce more
monoclonal antibodies for the immunophenotyping of trout lymphocytes were
unsuccessful and the current set enables only the identification of the main cell
populations. Nevertheless, further information about the cell composition and functions of
peritoneal leukocytes could be retrieved from the molecular analysis with microarrays and
these results will be presented in the following chapter.
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Figure 44: Scheme of immune response to antigen stimulation proposed by
Martin and Kearney(Martin and Kearney, 2001). Majority of the antigen is
removed very early after the challenge by the effectors of innate immune
response. Prior development of adaptive immunity, “natural memory”
represented by B1 B cells and γδ T cells is employed to bridge both arms of
immune system.
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4.3

Cellular response of two trout strains

As shown in the results, both trout strains reacted to the stimulation and infection by a
rapid recruitment of myeloid cells followed by the resolution of inflammation and the
subsequent influx of lymphocytes. Despite the comparable reaction pattern, there have
been significant differences in the reaction intensity and timing. Generally, susceptible
trout reacted to the stimulation with a higher number of cells and required longer time for
the resolution of inflammation. Thus, an increased number of cells coincide with the
lower resistance to infection. This fact might imply that the defence mechanisms of
susceptible trout are not as effective as those in resistant. Such differences in the number
of cells, the intensity of the immune reaction and the composition of reacting cells can be
used as one of the traits for the evaluation of the immune competence (Reviewed in
(Wiegertjes et al., 1996). Unfortunately, due to the lack of specific MAbs, the evaluation
of the contribution of distinct cell populations to the disease survival was so far not
possible in fish. Thus, this work represents a unique study, enabling not only the
comparison of the cell kinetic, but directly investigates the contribution of distinct cell
types to the immune reaction. The only comparable publication describing the differences
in the cell composition between two strains was performed in channel catfish. Here, the
peripheral blood leukocytes have been analysed to identify the differences in the
proportion of T and B lymphocytes following the bath infection with Edwardsiella
ictaluri. Obtained results indicated that both families produced a comparable humoral
response, despite the fact that the sensitive family produced a slightly higher percentage
of B lymphocytes, while the resistant fish had a higher percentage of T lymphocytes
(Camp et al., 2000). Since Edwardsiella ictaluri is able to penetrate into the macrophages
and replicate within them (Booth et al., 2006) these results might indicate different
polarisation of the immune response between families, suggesting that the resistant fish
directed the immune response in Th1 manner, while the sensitive one relayed on the Th2
response in a form of antibodies. A similar observation was described also in chicken,
where the strain producing a higher amounts of antibody appeared better protected against
the Newcastle disease virus, Mycoplasma, Salmonella and E. coli, while the low antibody
producers exhibit enhanced cellular responses and improved resistance to the intracellular
bacteria and some viruses (Reviewed in (Zekarias et al., 2002). Nevertheless, antibody
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response was not subject of our investigation and information about the percentage of B
cells is not in relevant in this manner.
Also, the lower number of reacting cells in the resistant trout is not always a reliable
factor correlating with the disease resistance. Even in mice, obtained results are very
contradictory. In the first study, similarly to our findings, a higher intensity of
inflammation
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analysis
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bronchoalveolar lavage revealed that the susceptible Swiss mice exhibited higher intensity
of immune response with a higher number of cells comparing to the resistant BALB/c
(Vilani-Moreno et al., 1998). In the second study, the resistance to murine listeriosis was
related to the stronger immune response and a higher number of macrophages
(Kongshavn, 1985). Thus, the relationship between the number of reacting cells and the
resistance to the disease is highly dependent on the pathogen or group of pathogens
sharing a similar life cycle and it is therefore not possible to draw any general conclusion.
Eventually, it can be stated, that higher resistance in the infection with A. salmonicida
correlates with the lower number of reacting cells. Nevertheless, such correlation is only
elusive without the knowledge of underlining molecular processes. Yet, despite the fact
that the flow cytometric analysis provided valuable insights into the differences between
both trout stains and their reactivity on the cellular level, these differences represent only
the manifestation of the genome and require search for immunological traits in the form of
the expression of immune relevant genes. For this reason we have decided to broaden our
investigation by the analysis of transcriptomic background using the EST based
microarrays designed by GRAPS consortium.
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5. Results II. - Transcriptional analysis
In order to examine the transcriptional response of the peritoneal leukocytes presented in
the cavity during the myeloid stage (12 hpi) and lymphoid stage (72 hpi) of stimulation
and infection, GRASP microarray platform has been selected. Cells from the unstimulated
peritoneal cavity have been used as a reference sample. Thus, for each trout strain, data
from two time points and two treatments are available. Besides, additional information
was obtained by a direct comparison of early and late transcriptome.

5.1.1 Analysis of total number of regulated genes
The total number of regulated genes was the first evaluated criterion. For the selection of
regulated genes following criteria have been applied: firstly, only signals with 2 fold
change and p-value ≤ 0,01 were chosen; secondly, only genes with a corresponding
Unigene ID have been selected. This step reduced the number of signals to 60 %. Latelly,
the list of Unigene IDs has been submitted to the DAVID annotation software and the
unrecognized Unigene IDs, such as uncharacterized ESTs or duplicates, have been
excluded. This led to the reduction of a total gene number to 5-13 %. This remarkable
reduction in the number of regulated signals was crucial to increase the quality of the
analysis using the DAVID annotation software and enabled a final clustering of regulated
genes into functional categories. Finally, the total numbers of significantly regulated
signals for each treatment, including their reduction in each step are listed in Table 1.
Each data set was assigned by the investigated strain, treatment and time point. Due to the
technical difficulties, data from stimulation of susceptible trout at 72 hpi were not
retrieved, and are therefore assigned as not acquired (N.A.).
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Table 1: Total number of regulated genes (2 fold change, p ≤ 0,01 ) for each
treatment is shown. For further analysis only genes with corresponding
Unigene IDs were selected and these were additionally reduced by excluding
Unigene IDs unrecognized by DAVID annotation tool.
Treatment

Abbreviations

Total

Unigene % of total

DAVID

% of total

Susceptible-Stimulation-Co vs. 12hpi

S-S-12

741

459

61,9

79

10,7

Susceptible-Stimulation-Co vs. 72hpi

S-S-72

N.A.

N.A.

N.A.

N.A.

N.A.

Susceptible-Stimulation-12 vs. 72hpi

S-S-12-72

N.A.

N.A.

N.A.

N.A.

N.A.

Susceptible-Infection-Co vs. 12hpi

S-I-12

1332

837

62,8

143

10,7

Susceptible-Infection-Co vs. 72hpi

S-I-72

1954

1200

61,4

162

8,3

Susceptible-Infection-12 vs. 72hpi

S-I-12-72

4250

2663

62,7

471

11,1

Resistant-Stimulation-Co vs. 12hpi

R-S-12

1626

1026

63,1

213

13,1

Resistant-Stimulation-Co vs. 72hpi

R-S-72

1210

761

62,9

67

5,5

Resistant-Stimulation-12 vs. 72hpi

R-S-12-72

5600

3503

62,6

650

11,6

Resistant-Infection-Co vs. 12hpi

R-I-12

9592

5992

62,5

760

7,9

Resistant-Infection-Co vs. 72hpi

R-I-72

1142

698

61,1

147

12,9

Resistant-Infection-12 vs. 72hpi

R-I-12-72

17273

10652

61,7

1379

8,0

As for the number of significantly regulated genes, three general conclusions can be
drawn from obtained data. Firstly, independent from the trout strain, infection induced
higher transcriptional changes and led to the regulation of 2-3 times higher number of
genes than stimulation with the inactivated antigen (Figure 45). This difference is obvious
at both time points, although it is profounder at the early stages of the reaction.

Figure 45: Number of significantly regulated genes during stimulation and
infection. Remarkably, infection induces changes by 2 - 3 higher numbers of
genes.

Thus, while the antigen induced the regulation of 79 genes in susceptible trout, 143 genes
were regulated during the infection. Similarly, the resistant strain reacted to the antigenic
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stimulation by the regulation of 213 genes, whereas the infection induced changes of 760
genes.
Secondly, acquired data suggest stronger changes in the transcriptome during the myeloid
phase of the reaction, while the number of differentially regulated genes was lower during
the lymphoid phase. This observation was more pronounced in resistant trout; during
stimulation reached the number of regulated genes at early time point 213, while 67 genes
were regulated at 72 hpi. Similarly, at the early stage of infection, 760 genes were
significantly regulated, while in the later phase the number of regulated genes dropped to
147. Conversely, in susceptible trout the number of regulated genes remained almost
unchanged between both infection time points (Figure 46).

Figure 46: Number of significantly regulated genes during stimulation and
infection. Notably, a higher number of genes were regulated during early
stages of the reaction.

Notably, when the 12 hpi data were used as a reference for the evaluation of the data
acquired at 72 hpi, it revealed striking changes in the expression profile with the highest
number of regulated genes. This suggests a swift regulation of transcription in the
response to the bacteria in myeloid stage and complete shift of the transcription towards
the resolution of inflammation at the later time point.
Finally, according to obtained data, the resistance to bacteria correlates with high
transcriptomic changes. Thus, while the susceptible trout underwent only slight changes
in gene expression during infection, the reaction of resistant strain involved a higher
number of regulated genes (Figure 47).
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Figure 47: Number of significantly regulated genes during stimulation and
infection. Notably, resistant trout exhibit higher transcriptional changes than
the susceptible strain.

5.1.2 Commonly regulated genes
In the functional part of presented study, the kinetic of the cellular immune reaction in the
peritoneal cavity has been described. Performed experiments did include both, stimulation
with inactivated A. salmonicida as well as infection. Described results indicated that the
reaction pattern was comparable between both treatments and both strains of rainbow
trout. It was therefore expectable that a certain degree of similarity appears also in the
results of the microarray analysis.
Notably, the commonly regulated genes represented a marginal part of the transcriptional
changes in both strains. Thus, while the comparison of the early stages of stimulation and
infection in susceptible trout revealed 17 commonly regulated genes, 62 genes changed
the expression exclusively during stimulation and 126 genes were unique for the early
stages of the infection (Figure 48a). Similarly, the early and late phase of the infection
shares only 42 commonly regulated genes, while the majority was found to be regulated
only during the particular time point (Figure 48b).
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Figure 48: Number of commonly regulated genes between different
treatments and time points in susceptible (a-b) and resistant trout (c-g). In
each figure, only commonly regulated genes between two treatments are
depicted.

The data acquired for the resistant trout enabled a more complex analysis. Firstly, it has
been shown that the majority of genes regulated during the early stage of stimulation (n =
131), was regulated also during the infection (Figure 48d). However, the comparison of
the early and late stages of stimulation and infection revealed only 16, respectively 85,
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commonly regulated genes while the majority of the genes was regulated exclusively at a
certain time point. (Figure 48c-e). Finally, the highest number of commonly regulated
genes was observed when the data from 12 hpi were used as a reference for 72 hpi. Here,
the comparison of stimulation and infection revealed 325 commonly regulated genes
(Figure 48g).
In the later phases of computational analysis, the overlaps in the gene expression have
been investigated in a more complex setting, including not two, but four different time
points.

Figure 49: Evaluation of overlapping genes between stimulation and
infection in susceptible trout.

Firstly, the number of commonly regulated genes has been assessed for the susceptible
trout. As shown on Figure 49, from the total 79 genes regulated at the early stage of
stimulation, 50 genes were regulated uniquely at this time point, while 29 genes were
commonly regulated also during the infection. From these 29 genes, 9 genes were
commonly regulated between all three time points. During infection, 42 genes were
regulated at the early and late time points, 33 of which were commonly expressed only
during the infection and did not appear after the stimulation. Nevertheless, the majority of
the genes were regulated exclusively at the early or late stage of the infection.
From the comparison of both time points after the stimulation and infection in resistant
tout, following results were retrieved (Figure 49). Firstly, only 69 genes were regulated
exclusively after the stimulation; 57 at the early stage, 10 at the late stage and 2 genes
were shared by both time points, while the majority of the genes (195 of 254 genes) were
also significantly regulated during the infection. Secondly, the number of genes
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commonly regulated at the early stage (n = 131) is higher than that shared between the
later time points (n = 19). The early phase of the stimulation shares also more common
genes with the infection (n = 154), than its later phase (n = 55).

Figure 50: Evaluation of genes overlapping between stimulation and
infection in resistant trout

Eventually, the expression profiles of resistant and susceptible trout after the infection
have been compared (Figure 51). In total, 94 genes were commonly regulated during the
infection in both strains and only 10 genes were shared between all time points. Contrary,
the majority of genes were regulated exclusively in one strain. Finally, obtained data
suggest a higher conservation of the response between the early stages of the reaction.
Thus, while 61 genes were commonly regulated during the early transcriptional response,
only 24 genes were shared by the later time points (Figure 51).
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Figure 51: Evaluation of overlapping genes between both trout strains during
infection with A. salmonicida.

5.1.3 Gene annotation and functional clustering
Further ambition of the presented study was to sort the regulated genes into categories
based on their functional annotation. However, this proved to be a very complicated task,
since there is no sufficient annotation background from the GRASP chip which would
enable scientist to perform an automated annotation with the publicly available tools such
as the DAVID annotation software. To allow such annotation, it was crucial to search for
the mouse homologs to all genes fulfilling the selection criteria of presented thesis.
Finally, 1956 Unigene IDs were identified, from which 1728 had a corresponding mouse
counterpart. After the subtraction of duplicated genes, the list of 1616 genes was
submitted to the DAVID annotation tool. From the DAVID, 17 functional categories were
retrieved. The number of genes for each category together with the p-value assessed by
DAVID is listed in Table 2 and Figure 52.
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Figure 52: Gene clusters based on the DAVID annotation tool. In the analysis
all 1956 Unigene IDs regulated in all experiments were used. Finally, 17
functional categories were retrieved.

Since the major aim of presented study was the investigation of transcriptional changes
related to the immune system and defence to the bacterial particles, this category was of
particular interest. To ensure that no genes with a possible potential to fight bacteria or
relation to the immune system will be neglected, a new additional category was created by
fusion of “Response to stimulus”, “Immune system process” and “Immune system”.
This category encompasses 318 genes, including the cell surface molecules, pro- and antiinflammatory factors, chemokines, antibacterial factors and a number of genes related to
the myeloid cells and lymphocytes. Once the functional categories were specified, they
have been used for the detailed analysis of expression in all available treatments.
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Table 2: Gene clusters based on the DAVID annotation tool. In the analysis all
1956 Unigene IDs regulated in all experiment were used. Finally 17 functional
categories were retrieved, covering not only immune response, but also cell
fate and metabolism. Functional categories are listed together with
corresponding number of genes and p-value retrieved from DAVID
annotation tool.

Category

Term

Count

P-value

GOTERM_BP_ALL

Response to stimulus

245

0,022

GOTERM_BP_ALL

Immune system process

103

0,000

GOTERM_BP_ALL

Immune response

59

0,007

GOTERM_BP_ALL

Cell cycle

77

0,002

GOTERM_BP_ALL

Cell death

59

0,030

GOTERM_MF_ALL

Transcription regulator activity

128

0,005

GOTERM_BP_ALL

Oxidation reduction

89

0,000

GOTERM_BP_ALL

RNA processing

63

0,000

GOTERM_BP_ALL

DNA repair

27

0,093

GOTERM_BP_ALL

DNA replication

25

0,004

KEGG_PATHWAY

Toll-like receptor signaling pathway

18

0,025

GOTERM_CC_ALL

Lysosome

29

0,001

GOTERM_BP_ALL

Carbohydrate metabolic process

84

0,000

GOTERM_BP_ALL

Lipid metabolic process

99

0,000

GOTERM_BP_ALL

Protein metabolic process

260

0,030

GOTERM_BP_ALL

RNA metabolic process

94

0,000

GOTERM_BP_ALL

DNA metabolic process

53

0,010

5.1.3.1 Functional clustering – susceptible trout
In the first step, data obtained from the susceptible trout were analysed. Both, stimulation
and infection induced an upregulation of genes belonging to the categories “Response to
stimulus” (stimulation = 29,6 %; infection = 33,3 %), “Immune response” (stimulation =
22,2 %; infection = 13,3 %) and “Transcription regulator activity” (stimulation = 14,8 %;
infection = 13,3 %). In contrast to that, most of the genes related to metabolism were
downregulated, together with some genes from the category “Response to stimulus”.
Although there were not many common genes present on the list, both tables contain
molecules related to the early stage of immune reaction such as the IL1β, IL-1 receptor,
Toll like receptor 5, angiotensinogen or activation marker CD83.
Analysis of the later time point of infection indicated a further downregulation in the
category “Response to stimulus” (17,5 %). However, genes such as the IL1 receptor II
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and angiotensinogen remained upregulated even at the later phases of the infection
Furthermore, at this time point, an upregulation of genes related to cell death was
observed (9,5 %)(Figure 53).

Figure 53: Functional clustering of regulated genes in susceptible trout, in the
upper part functional clusters for stimulation are shown, in the lower part
clusters regulated in the infection are shown
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5.1.3.2 Functional clustering – resistant trout
The analysis of expression in the resistant trout revealed comparable results. During the
stimulation, the majority of regulated genes belonged to the category “Response to
stimulus”, although it is worth to say, that at 12 hpi these genes were mainly
downregulated (20,3 %). In contrast to that, an increase in the proportion of “Immune
system process” related genes have been observed (6,7 %). In concordance with the
previously obtained results, the majority of upregulated genes clustered to the category
“Transcription activity regulator” (9 %) and “Protein metabolic processes” (14 %),
whereas the downregulated genes clustered mainly to the category “Cell cycle” (5,1 %),
“DNA repair” (6,3 %) and “DNA metabolic process” (6,3 %). At the later stage of
stimulation, genes belonging to the categories “Response to stimulus” and “Immune
system process” underwent a further downregulation (31 % and 7 % respectively), which
coincided with the upregulation of genes related to the resolution of inflammation in the
categories “Transcription regulator activity” (20 %), “RNA metabolic process” (10 %)
and “Protein metabolic process” (15 %)(Figure 54).

Figure 54: Functional clustering of regulated genes in resistant trout during
the stimulation with inactivated bacteria.

The analysis of the infection experiments revealed analogous results to those obtained
after infection in susceptible trout. The majority of genes upregulated at the early stages
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of infection belonged to the category “Response to stimulus” (17,5 %), “Transcription
regulator activity” (9,4 %) and “Protein metabolic process” (13,2 %) while genes
responsible for a normal cellular metabolism were downregulated. At the later phases
category “Response to stimulus” was downregulated (-21 %) and the transcription
program favouring the resolution of inflammation started. Remarkably, unlike the
susceptible trout, resistant fish tends to upregulated genes related to the cell cycle (8,5 %)
and not cell death (1,4 %) (Figure 55).

Figure 55: Functional clustering of genes regulated in resistant trout during
the infection with A. salmonicida.

Taken together, observed data revealed that the transcriptional changes during the
stimulation and infection follow similar programs favouring the upregulation of the innate
arm of immunity at the early stages and increased metabolic activity at the later phase,
when the expression of genes responsible for the immune response looses its initial
intensity.
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5.1.4 Investigation of immune-relevant genes
In the last part of this chapter, the expression of selected genes with an immunological
significance was analysed. Finally, the differences between the distinct time points and
treatments will be analysed as well as the differences between the investigated trout
strains. For each treatment and time point, a list of regulated genes belonging to the
category “Response to stimulus” was created (Appendix 1). From all regulated genes in
this category, those significantly regulated with a high immune relevant function have
been selected and their expression has been compared. Firstly, the differences between
stimulation and infection will be reviewed independently for each trout strain.

5.1.4.1 Immune relevant genes in susceptible trout
For the detailed analysis of expression, 47 genes were selected and their expression was
plotted in the mean fold change to the unstimulated control. In regards to the function, all
genes have been divided into six groups and their tissue distribution and function in the
immune system is reviewed in the Appendix 2.
The biggest group embodied 17 cell surface molecules and included the activation
markers, markers for T cells, dendritic cells, monocytes and B cells. At the early stages of
stimulation and infection, the most prominent were the changes observed in the group of
molecules responsible for cell adhesion, diapedesis and recruitment of myeloid cells to the
cavity (Figure 56).

Figure 56: Expression of surfaces markers responsible for cell adhesion,
diapedesis and cell recruitment in susceptible trout. Significant changes are
marked with (+) for p ≤ 0,05 and with (*) for p ≤ 0,01.

Other surface molecules whose expression was significantly regulated during the
stimulation and infection in the susceptible trout were the T cells markers. These
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molecules exhibited a downregulation at the early stages of the infection, recovering to
the initial level at the later time point (Figure 57).

Figure 57: Expression of surface molecules during stimulation (blue bars) and
infection (red bars) of susceptible trout. Expression changes were plotted as
fold change to unstimulated control. Significant changes are marked with
plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01.

The next group contains 10 regulated cytokines and their receptors. Both, the stimulation
and infection, were marked by a rapid upregulation of the expression of pro-inflammatory
molecules such as, IL1β, TNFα, IL8, IL17D and IL18. Remarkably, the expression of
anti-inflammatory IL10 was also upregulated during the early stage and ceased at the later
stages of reaction. Obtained results indicated, that the intensity of the expression changes
correlated to the viability of the bacteria, thus while the stimulation resulted in 10,5 fold
higher expression of the IL1β, the infection induced a more than 60 fold upregulation. A
similar reaction pattern was found also for the TNFα and IL8 and the expression of both
IL1 receptors. Contrary, only a mild upregulation was observed for the expression of
IFNγ. While, it remained almost unchanged during the stimulation, it was downregulated
early after the infection and underwent a slight increase at the later stage (Figure 58).
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Figure 58: Expression of cytokines during stimulation (blue bars) and the
infection (red bars) of susceptible trout. Expression changes were plotted as
a fold change to unstimulated control. Significant changes are marked with
plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01.

In the third group, four chemokines are included (Figure 59), two of the CC chemokines
and two belonging to the CXC chemokine family. Within the CC chemokines, a slight
upregulation of CCL4 was observed, while CCL25 underwent a significant
downregulation during the time course of the infection. Similarly, the infection induced a
downregulation of B cells attracting chemokine CXCL13 at the early stages. The last
molecule of the cytokine group, CXCL12, induced two different reaction patterns on the
array, and while one EST signal exhibited a strong upregulation during the early stage of
the infection and decreased at the later stages, other exhibited only a mild regulation
during the early stage and a significant downregulation at 72 hpi.

Figure 59: Expression of chemokines during stimulation (blue bars) and the
infection (red bars) of susceptible trout. Expression changes were plotted as
a fold change to unstimulated control. Significant changes are marked with
plus (+) for p≤ 0,05 and with an asterisk(*) for p≤ 0,01.
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Genes for the proteins with inflammatory properties, acute phase genes and genes for
products with known antibacterial functions are listed together in the fourth group. This
includes genes such as the SAA5, cyclooxygenases 1 and 2, angiotensinogen and the
antibacterial proteins such as hepcidin, cathelicidin or transferrin.
The group of proteins with the direct antibacterial activity such as Hepcidin and
Cathelicidin, as well as the molecules supporting the immune functions of leukocytes
such as Neutrophil cytosolic factor 1(NCF-1) or natural resistance associated macrophage
protein (NRAMP2) exhibited a strong upregulation corresponding with the presence of
viable bacteria in the peritoneal cavity. Conversely, obtained data suggested only a mild
upregulation or a strong downregulation of transferrin and bacterial/permeability
increasing protein (BPI) during both stages of the infection (
Figure 60).

Figure 60: The expression of antibacterial proteins during stimulation (blue
bars) and infection (red bars) of susceptible trout. Expression changes were
plotted as a fold change to unstimulated control. Significant changes are
marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01. Genes
differentially regulated between time points are connected by horizontal line
in corresponding colour and marked by corresponding mark for significance.

Similar to the former group, a significant upregulation was observed in the group of acute
phase proteins supporting the inflammation by the stimulation of cell adhesion; increase
of vascular permeability or by the production of prostaglandin. All genes in this group
exhibited a higher expression especially at the early stages of the reaction, ceasing at the
later time point (Figure 61).
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Figure 61: Expression of acute phase proteins during stimulation (blue bars)
and infection (red bars) of susceptible trout. Expression changes were
plotted as a fold change to unstimulated control. Significant changes are
marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01. Genes
differentially regulated between time points are connected by horizontal line
in corresponding colour and marked by corresponding mark for significance.

The next group of genes contains four genes of the Toll-like receptor family together with
the major adaptor protein Myd88 (Figure 62). With the exception of TLR5, which was
upregulated, the TLR genes responded to the presence of bacteria by a slight
downregulation. The TLR8 and TLR9 were downregulated during both treatments,
whereas the expression of TLR13 was downregulated only during the infection. Notably,
the expression of MyD88 remained almost unchanged. Finally, the expression of all
molecules exhibited a slight upregulation at later time points.

Figure 62: Expression of Toll like receptors during stimulation (blue bars) and
infection (red bars) of susceptible trout. Expression changes were plotted as
a fold change to unstimulated control. Significant changes are marked with
plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01. Genes differentially
regulated between time points are connected by horizontal line in
corresponding colour and marked by corresponding mark for significance.

Last three genes represent the metalloproteinases (MMP), namely gelatinase A and B
(MMP2 and MMP9) and collagenase 3 (MMP13). While the former, constitutively
expressed MMP2 was significantly downregulated by the infection during both
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investigated time points, latter MMP9 and MMP13 both exhibited a significant
upregulation at the early phase and its reaction ceased later on.

Figure 63: Expression of metaloproteinases during stimulation (blue bars)
and infection (red bars) of susceptible trout. Expression changes were
plotted as a fold change to unstimulated control. Significant changes are
marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01. Genes
differentially regulated between time points are connected by horizontal line
in a corresponding colour and marked by corresponding mark for
significance.

In general the expression induced by the stimulation had a similar trend as during the
infection. However, the infection induced a higher expression level. The comparison of
the early and late stages of infection indicated remarkable changes in the expression and
divided genes into three groups. The first controlled the immune reaction shortly after the
injection of bacteria into the peritoneum and contained the pro-inflammatory molecules
IL1β, IL8, TNFα; angiotensinogen and the antibacterial proteins Cathelicidin and
Hepcidin-1. The second group was downregulated during the early stage and increased
with the resolution of inflammation. To those belonged the majority of the surface
markers such as the CD3, CD4, CD8 and CD40L and all TLR. Finally, genes in the third
group underwent marginal changes between both time points and their expression
remained stable.
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5.1.4.2 Immune relevant genes in resistant trout
The list of 47 selected genes was used also for the detailed analysis of the transcriptional
changes in the resistant trout. As expected, obtained data were comparable, although
marginal differences in the intensity and the reaction pattern were observed. In most
cases, the infection induced stronger changes in the expression than the stimulation with
the inactivated antigen.
Similar as in the susceptible trout were the initial stages of the reaction dominated by the
regulation of expression of the cell adhesion molecules and molecules responsible for the
recruitment of cells into the cavity. Especially the tetraspanins CD9, CD37 and the
Platelet endothelial cell adhesion molecule-1(PECAM-1) known as CD31 exhibited a
rapid downregulation at the early stages of the reaction, whereas the activation marker
CD83 and the marker of dendritic cells CD209 were upregulated (Figure 64).

Figure 64: Expression of surface markers responsible for cell adhesion,
diapedesis and cell recruitment in resistant trout. Expression changes were
plotted as a fold change to unstimulated control. Significant changes are
marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01. Genes
differentially regulated between time points are connected by horizontal line
in corresponding colour and marked by corresponding mark for significance

The inflammation induced significant changes also in the expression of T cells markers.
These molecules, including CD3, CD4 and CD8, underwent a significant downregulation
at the early phase of the reaction and regained the initial level of expression first during
the resolution phase (Figure 65).
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Figure 65: Expression of T cells markers resistant trout. Expression changes
were plotted as a fold change to unstimulated control. Significant changes
are marked with plus (+) for p≤ 0,05 and with an asterisk (*) for p ≤ 0,01.
Genes differentially regulated between time points are connected by
horizontal line in corresponding colour and marked by corresponding mark
for significance.

Significant changes in the expression have been observed also in the group of cytokines
responsible for the recruitment of cells to the site of inflammation. With the exception of
IL18, all pro-inflammatory cytokines exhibited a significant upregulation of the
expression immediately after the injection of pathogen, and their expression ceased later
on. The most remarkable changes underwent IL1β, IL8 and TNFα. Notably, the
expression of IL1β was during the infection upregulated almost 500 times, IL8 more than
150 times. Of a particular importance was also the rapid induction of expression of IL1RL
and IL1R2 correlating with the expression of IL1β. Remarkably, the expression of the
decoy receptor IL1R2 underwent profounder changes than the expression of the
functional IL1RL. In contrast to the other pro-inflammatory cytokines was the expression
of IL18 upregulated only slightly during the stimulation and did not exhibit any strong
regulation during the infection. Finally, the later phases of infection were dominated by
the expression of anti-inflammatory IL10 and TGFβ (Figure 66).
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Figure 66: Expression of cytokines in resistant trout. Expression changes were
plotted as a fold change to unstimulated control. Significant changes are
marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01. Genes
differentially regulated between time points are connected by horizontal line
in corresponding colour and marked by a corresponding mark for
significance.

The expression of chemokines was also significantly influenced by the stimulation and
differed between the distinct time points. Nevertheless, with the exception of CXCL12
were the changes of expression as not high as in the group of cytokines. As for the
expression of CXCL12, a reaction pattern similar to the susceptible trout was observed.
While one EST signal indicated a strong upregulation of the signal during the early phase
and recovery at the later stages, other suggested a marginal reaction at the early phase and
a significant downregulation later on (Figure 67).

Figure 67: Expression of chemokines in resistant trout. Expression changes
were plotted as a fold change to unstimulated control. Significant changes
are marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01.
Genes differentially regulated between time points are connected by
horizontal line in corresponding colour and marked by corresponding mark
for significance
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The further group of strongly regulated genes contained molecules with a direct
antibacterial activity and molecules supporting the immune functions of leukocytes.
Regulation of these proteins was mostly more prominent during the early phases of the
reaction and ceased with the onset of the adaptive stage. Notably, the infection induced
considerable upregulation of Cathelicidin and Hepcidin, while Bactericidal/permeability
increasing protein underwent a significant downregulation. Furthermore, a striking
downregulation of Transferrin has been observed at the early stage of the infection. The
expression of Neutrophil cytosolic factor-1 and Natural resistance associated macrophage
protein has been significantly upregulated during early stages of the reaction.

Figure 68: Expression of antibacterial proteins in resistant trout. Expression
changes were plotted as a fold change to unstimulated control. Significant
changes are marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤
0,01. Genes differentially regulated between time points are connected by
horizontal line in corresponding colour and marked by corresponding mark
for significance.

The acute phase proteins represented a further group of significantly regulated genes.
Especially, the expression of Angiotensinogen, Serum amyloid A5 and Cyclooxygenase
2, was significantly upregulated during the early stages of stimulation and infection.
Conversely, Cyclooxygenase 1 remained only slightly regulated during the infection and
was significantly downregulated during the antigenic stimulation (Figure 69).
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Figure 69: Expression of acute phase proteins in resistant trout. Expression
changes were plotted as a fold change to unstimulated control. Significant
changes are marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤
0,01. Genes differentially regulated between time points are connected by
horizontal line in corresponding colour and marked by corresponding mark
for significance.

The stimulation with the inactivated bacteria induced only slight changes in the
expression of Toll-like receptors, whereas the infection induced a significant
downregulation of TLR8, TLR9 and TLR13. Conversely, the expression of TLR5 was
significantly upregulated at the early stages of the infection and recovered to the initial
expression level later on. Finally, both treatments induced also an increased expression of
adaptor molecule MyD88 (Figure 70).

Figure 70: Expression of Toll like receptors in resistant trout. Expression
changes were plotted as a fold change to unstimulated control. Significant
changes are marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤
0,01. Genes differentially regulated between time points are connected by
horizontal line in corresponding colour and marked by corresponding mark
for significance.

The last group of genes contains three metalloproteinases (MMP) which exhibited a
significant regulation of expression at both investigated time points. The constitutively
expressed MMP2, known as Gelatinase A, was significantly downregulated during both
time points of stimulation and infection, whereas the expression of inducible MMP9
(Gelatinase B) and MMP13 (Collagenase 3) was strongly upregulated (Figure 71).
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Figure 71: Expression of metalloproteinases in resistant trout. Expression
changes were plotted as a fold change to unstimulated control. Significant
changes are marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤
0,01. Genes differentially regulated between time points are connected by
horizontal line in corresponding colour and marked by corresponding mark
for significance.

5.1.4.3 Comparison of the expression of immune relevant genes
Finally, the gene expression in both trout strains has been compared. Unlike in the
previous chapter, where the treatment was always compared to the unstimulated control of
corresponding trout strain, here both strains are compared. In all comparisons was the
resistant strain used as the control while the susceptible represents the treatment. Thus, all
genes with positive values have been expressed higher in the susceptible trout, whereas
those with a negative value sign were higher in the resistant fish. Since the main question
of presented investigation was the identification of differences between both trout strains,
the expression was compared in the samples of control, 12 and 72 hours post infection.
(Figure 72; Figure 73; Figure 74; Figure 75) Without any stimulation both strains show a
comparable gene expression pattern with only three differently regulated genes which are
statistically significant; CCR6, bactericidal permeability-increasing protein (BPI) and
TLR13. However, only TLR 13 passed the limit of 2 fold change in the expression (FC =
2 ). Besides, a few genes such as IL1β, IL8, TNFα, IL10 and transferrin, exhibiting an
increased or decrease expression did not meet required p-value of 0,05.
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Figure 72: Comparison of the surface marker expression between susceptible
and resistant trout during infection. In the analysis, resistant was used as a
control, susceptible as a treatment, therefore all genes with higher
expression in resistant are plotted with negative values and genes with
higher expression in susceptible are in positive values. Significant changes
are marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01.

The early stage of the infection proved to be very dramatic with the complete exchange of
the cellular composition and tremendous changes in the expression. Especially the
molecules involved in the onset of inflammation were previously shown to be upregulated
in both trout strains. When the strains were compared to the relevant control, the highest
level of regulation was observed for IL1β. Nevertheless, the comparison of the expression
level between the strains revealed only marginal differences.

104

RESULTS II. - TRANSCRIPTIONAL ANALYSIS

Figure 73: Comparison of the expression of cytokines (a) and chemokines (b)
between susceptible and resistant trout during infection. Significant changes
are marked with plus (+) for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01.

Finally, nine genes were identified as differently regulated. Among them surface
molecules CD3ε, CD9, CD83, CD31, cyclooxygenase 1, transferrin and IL18 were found
to be highly expressed in the susceptible trout, whereas CXCL12, CXCL13, CCL25,
angiotensinogen and metalloproteinases 2 and 13 were highly expressed in the resistant
trout. Notably, transferrin was the molecule with the highest difference between both
strains.
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Figure 74: Comparison of the expression of acute phase proteins,
inflammatory molecules and antibacterial proteins between susceptible and
resistant trout during infection. Significant changes are marked with plus (+)
for p ≤ 0,05 and with an asterisk (*) for p ≤ 0,01.

Finally, the gene expression was compared for the later stage of the infection. Flow
cytometric data suggested profound differences in the resolution of inflammation, with the
prolonged persistence of myeloid cells in the peritoneal cavity of susceptible trout. It was
therefore intriguing to investigate whether this pattern is obvious also on the expression
level. The analysis of the transcription revealed 18 differently regulated genes, with FC ≥
2 and p ≤ 0,05. Most of these genes, such as IL1β, IFNγ and TNFα, exhibited higher
expression in susceptible trout. Conversely, the IL10 and TGFβ reached a higher
expression in resistant trout. From further investigated molecules, most prominent
differences were observed in the expression of Hepcidin, metalloproteinases, CCL25,
CCL4, CD9, CD40L and CD8β.
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Figure 75: Comparison of the expression of Toll-like receptors and MyD88
between susceptible and resistant trout during infection. In the analysis,
resistant was used as a control, susceptible as a treatment, therefore all
genes with higher expression in resistant are plotted with negative values
and genes with higher expression in susceptible are in positive values.
Significant changes are marked with plus (+) for p ≤ 0,05 and with an asterisk
(*) for p ≤ 0,01.
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5.1.5 Summary
Taken together, this chapter has described the transcriptional analysis of the immune
response of two strains of rainbow trout toward the stimulation and infection with A.
salmonicida. From our results several conclusions can be drawn:


The infection induces a higher transcriptional response than the antigenic
stimulation.



The early reaction is controlled by a higher number of regulated genes than the
later phase.



The exchange of cell types between 12 and 72 hpi is underlined by massive
changes in the transcriptome.



The resistant trout exhibited higher rate of transcriptional changes.



The stimulation and infection follow similar transcription programs, which favour
a rapid upregulation of the innate arm of immunity at the early stages and
increased metabolic activity at the later phase.



Direct comparison of the immune-relevant genes revealed only minor differences
between both strains.
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6. Discussion II. – Transcriptional analysis
The analysis of the transcriptome using the microarray technology provided a valuable
insight into the processes involved in the protection of the peritoneal cavity during the
stimulation with a harmless antigen as well as during the infection with a hazardous
pathogen. The obtained results enabled the investigation of changes on the molecular
level underlying the cellular processes described in a previous chapter of the manuscript
and helped to identify the key differences at the distinct stages of the immune reaction.
Finally, it helped to elucidate the inter-strain differences and identify the candidate genes
responsible for an increased survival of resistant strain. Certainly, the transcriptomic
analysis described above has limitations in the microarray platform or data analysis used,
and does not describe a complete picture of all on-going processes in the peritoneal
cavity. Nevertheless, the aim of presented manuscript was not to impress the reader with
an overwhelming number of regulated genes and pathways, but to provide a clear
overview of a handful of major genes potentially involved in the immune response. These
genes and their possible effects in the context of the peritoneal cavity are discussed
bellow. Additionally, unlike a number of reports focusing on the response in systemic
immune organs such as the head kidney or spleen, our data reflect the direct fight against
the pathogen in the site of infection, providing an invaluable insight into the
transcriptomic changes of cells involved in the local immune response. This fact is even
more important considering our data obtained by flow cytometry, since the combination
of both enables us to correlate the expression of certain genes to the cell composition at
the particular time point. Thus, the combination of these two approaches offers a unique
set of data elucidating the immune response of rainbow trout.

6.1

Transcriptional responses of two trout strains

Since the first salmonid array (Rise et al., 2004), the microarrays proved to be a versatile
approach for the analysis of the transcriptome in fish species. Dozens of publications,
listed in Table 3, show its applications in a broad spectrum of topics from the
environmental toxicology to the analysis of immune responses to the number of fish
diseases (reviewed in (Von Schalburg et al., 2008)).
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During the time, it has been shown, that the selection of a proper source of RNA is crucial
for the outcome of the analysis. Most of the studies investigating immune response are
usually focused on the expression changes in the head kidney (Vanya Ewart et al., 2005;
Martin et al., 2006; LeBlanc et al., 2010; Jorgensen et al., 2011). This preference
originates from the fact that the head kidney represents the principal haematopoietic organ
with a well characterized immune responsiveness for phagocytosis, antigen processing
and humoral memory (Tort et al., 2003). Thus, it is expected that the expression analysis
would reveal all main genes involved in the immune response on the global level. For a
similar reason, the splenic gene expression pattern is often analysed, since spleen
represents the second major immune relevant organ in a fish, and is involved in the
trapping of pathogen from the blood flow, co-stimulation of leukocyte populations and
production of antibodies.
Table 3: Selected studies using the microarray analysis in fish species

1.

Title

Author

The early response of Atlantic salmon (Salmo salar)

Ewart. K.A.

Year
2008

Pathogen

Infection route

A. Salmonicida

Tissue
head kidney

macrophages exposed in vitro to Aeromonas salmonicida

macrophages

cultured in broth and in fish

2.

Identification of genes differentially expressed in Atlantic

Ewart. K.A.

2005

A. Salmonicida

cohabitation

salmon (Salmo salar) in response to infection by

spleen, head
kidney, liver

Aeromonas salmonicida using cDNA microarray technology

3.

Transcriptome response following administation of a live

Martin, S.A.M.

2006

A. Salmonicida

MacKenzie, S

2006

LPS

intraperitoneal

bacterial vaccine in Atlantic salmon (Salmo salar)

4.

Transcriptional analysis of LPC-stimulated activation of

head kidney,
liver, gill
head kidney

trout (Oncorhynchus mykiss) monocyte/macrophage cells

macrophages

in primary culture treated with cortisol

5.

General and family-specific gene expression responses to

Jorgensen,

viral hemorrhagic septicaemia virus infection in rainbow

H.B.H.

2011

VHSV

bath

head kidney

2008

Myxobolus

bath

skin

cohabitation

liver

trout (Oncorhynchus mykiss)

6.

Discovery of genes implicated in whirling disease infection

Baerwald,

and resistance in rainbow trout using genome-wide

M.R.

cerebralis

expression profiling

7.

Hepatic gene expression profiling reveals protective

Škugor, S.

2009

A. Salmonicida

responses in Atlantic salmon vaccinated against
furunculosis

Apart from head kidney and spleen, liver as a central organ of acute phase response is
often attracting attention (Vanya Ewart et al., 2005; Martin et al., 2006; Skugor et al.,
2009). Although the use of these organs as a sources of RNA for the microarray analysis
is supported by their know cellular composition and immune functions (Tort et al., 2003)
obtained results provides information only about the global expression changes omitting
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the local immune response. This has been already recognized by MacKenzie et al. (2006)
and Vanya Ewart et al. (2008), who analysed the expression of macrophages upon the
stimulation with LPS and A. salmonicida, respectively. Such an approach provided
valuable information about the reaction of lymphocytes to the direct contact with the
stimulant and is reflecting the fight between the host and pathogen more objectively.
Nevertheless, since the immune system represents a complex network of interactions, the
study of restricted cell populations is providing only fragments of whole picture without
the context. Here, the peritoneal leukocytes represent the ideal source of cells combining
the advantages of both mentioned approaches. Firstly, being the first cells who encounter
the pathogen, the peritoneal leukocytes exhibit transcriptional changes resulting from the
direct contact with the antigen similarly as the studies performed in vitro. Secondly, the
population of peritoneal leukocytes is only marginally influenced by the resident
population, unlike the cells in a head kidney or spleen, where the activated leukocytes are
representing only a fraction of all cells. Finally, the peritoneal leukocytes still react in the
systemic context, including the cell traffic and a substantial exchange of the cell types,
which is not possible to mimic in vitro. Besides the number of advantages, the peritoneal
model of stimulation has also one disadvantage. Unlike the solid organs, providing a
sufficient amount of mRNA, limited number of cells obtained from one individual may
result in an insufficient amount of genetic material. It was therefore vital to pool several
individuals together. Pooling of material is often an issue in the bath or co-habitation
infection, but assuming that all fish were injected with the bacteria at the same time and
reacted to the antigen with comparable pace and intensity, it is possible in the peritoneal
model.
Finally, a detailed description of the immune response reported earlier in this work makes
the peritoneal leukocytes the most suitable population of cells which is possible to
investigate in vivo. Furthermore, the knowledge of cell kinetic offers a unique opportunity
to directly correlate the transcriptional changes to changes in the cell composition,
allowing so far unprecedented data synthesis.
Thus, based on the flow cytometric analysis, two distinct time points reflecting two
different stages of the immune reaction were selected. The first, 12 hpi represents the
early stage of inflammation dominated by the myeloid cells while the second 72 hpi
represents the late phase of the reaction on the border between the resolution of
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inflammation and adaptive immune responses. Obtained data further elucidate the cellular
traffic in the peritoneal cavity and offers the reader a unique insight of comparative
analysis combining the molecular data with the cell kinetic. Furthermore, it provides a
closer look into the molecular mechanisms of host-pathogen interaction and identifies the
molecular mechanisms, which are activated only in the presence of viable bacteria and not
after stimulation with an inactivated antigen.
As shown by the results, both stimulation and infection with A. salmonicida induced
dramatic changes in the transcriptome of peritoneal leukocytes. Expectedly, the number of
genes regulated by the viable bacteria was significantly higher than those regulated by the
antigen. This corresponds with the effect of viable bacteria on the number of reacting
cells. Such reactivity might be accounted to the ability of A. salmonicida to influence the
immune effectors by the secretion of toxins and its ability to survive within the
macrophages (Olivier et al., 1986; Olivier et al., 1992). Similarly, the number of regulated
genes after the infection with IHNV was also higher for active virus than for attenuated,
and both treatments with the virus reached a higher number of regulated genes than the
stimulation with the LPS (MacKenzie et al., 2008). Additionally, the number of regulated
genes obtained in presented study was considerably higher than in previous studies with
A. salmonicida in salmon (Vanya Ewart et al., 2005; Martin et al., 2006) or macrophages
(Vanya Ewart et al., 2008). This might be related either to the microarray platform used,
or to the fact, that the peritoneal leukocytes are in a direct contact with the pathogen and
would therefore logically mount stronger transcriptional changes than the head kidney.
Such an assumption has been already made by Mutoloki et al. (2010) in the analysis of
expression of inflammatory markers after vaccination with oil-based vaccine (Mutoloki et
al., 2010). In contrast to IHNV, where the number of regulated genes was comparable
between both investigated time points (12 and 72 hpi) (MacKenzie et al., 2008), number
of regulated genes after the injection of A. salmonicida was highest at 12 hpi and
decreased later. Nevertheless, the highest number of regulated genes was observed, when
the dataset obtained at 12 hpi were used as a base for the analysis of 72 hpi. Such high
number of regulated genes is indicating tremendous changes in the reaction of leukocyte
populations present in the cavity at 12 and 72 hpi. This observation is in concordance with
the dramatic changes in the cell composition shown by flow cytometry. The analysis of
the number of regulated genes also revealed first differences between investigated trout
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strains. In all measured experiments exhibits the resistant trout higher transcriptional
changes than its susceptible counterpart. Similar results were recently described in the
comparison of resistant and susceptible strain after infection with viral haemorrhagic
septicaemia virus (Jorgensen et al., 2011). Thus, the resistance to the disease might be
related to the ability to induce global changes in the gene expression profile, and to react
rapidly to the presence of the pathogen.
Previously, the flow cytometric analysis of cellular kinetics in the peritoneal cavity
indicated a comparable reaction pattern between the stimulation with inactivated A.
salmonicida and infection with the viable bacteria in both investigated trout strains. It was
therefore expected, that a certain degree of similarity appears also in the transcriptomic
changes. The analysis of commonly regulated genes has suggested that the common genes
represent in the susceptible trout only a marginal part while the majority of regulated
genes belongs to the individual treatment. In the resistant trout, most of the genes
regulated during the stimulation were regulated also in the infection. Nevertheless, these
commonly regulated genes represented only a part of all genes regulated during the
infection. This is further supporting the hypothesis, that infection with the viable bacteria
induces profounder transcriptomic changes than stimulation with the inactivated antigen.
Additionally, while the number of commonly regulated genes between both time points of
stimulation remains minor, a high number of commonly regulated genes after infection
correlates with the delayed resolution of inflammation observed by flow cytometry.
In a further step of the investigation, the regulated genes were sorted into the functional
categories based on their Gene Ontology (GO) annotation. Since there is no sufficient
annotation for the GRASP chip, it was essential to find a mouse gene homolog to each
regulated EST. Since the mammalian genome provides better annotation, the gene
enrichment for the functional categories has been tested against mouse genome
background. Similar approach has been used by Jorgensen et al.(2011) in the
investigations of the expression changes following the infection with VHSV. The DAVID
functional annotation chart provided the gene-term enrichment analysis to identify the
most relevant biological terms associated with a provided gene list and retrieved 17
functional categories (Huang da et al., 2009). These included immune response,
metabolism, cell fate and nucleic acid processing. The list of the genes for each of the
functional terms has been subsequently used for a separate analysis of the individual
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treatments. This allowed a direct comparison of the acquired results between the different
groups. Nevertheless, since the major aim of the presented work was to investigate the
transcriptional changes related to the immune system and defence mechanisms, our focus
was attracted to the category created by the fusion of categories “Response to stimulus”,
“Immune system process” and “Immune response”. This category embodied 318 genes
including the major cell surface molecules, pro- and anti- inflammatory molecules,
chemokines and antibacterial factors. From this group, 47 genes were selected and their
importance in the inflammation is discussed in the following section. For a better clarity,
genes were grouped according to their function or location. A detailed description of the
tissue distribution and function is summarized in Appendix.

6.1.1 Surface markers
The expression of T cell markers such CD3, CD4 and CD8 was downregulated at the
early phases of the reaction and increased at the later phases. This observation is in
concordance with the changes of the cell composition demonstrated by the flow
cytometry. Here, the influx of myeloid cells into the cavity decreased the percentage of T
cells, which recovered to the initial values just after the resolution of inflammation.
Obtained results also suggested an increasing expression of CD4 and CD8β indicating the
onset of the adaptive immunity. This is of a particular importance because the expression
of CD4 indirectly confirms the identity of peritoneal T cells. Together with the increasing
expression of CD4, an upregulation of CD40L was observed. This molecule was shown to
interact with CD40 on the surface of the antigen presenting cell and also with the integrin
Mac-1 present on the monocytes/macrophages (Zirlik et al., 2007). Similarly to our study,
its expression has been previously shown to increase 2 - 3 days after the inflammatory
response in the peritoneum, at the point where the number of lymphocytes started to
decrease (Glik et al., 2005).
Another significantly downregulated surface marker was CD276, also known as B7-H3.
This molecule belongs to B7 “superfamily” of co-stimulatory molecules and plays an
important role in the regulation of antigen specific T cell mediated immune responses. (Yi
and Chen, 2009). In contrast to its proposed augmenting function during the inflammation
(Zhang et al., 2010a), the downregulation observed during both stages of peritoneal
inflammation is rather suggesting its important role in the unstimulated peritoneal cavity
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followed by the downregulation during the inflammation. Nevertheless, direct functions
of this molecule in fish system remain unclear.
Particularly interesting for the inflammation is the Cluster of differentiation 9 (CD9). This
member of transmembrane 4 superfamily (Maecker et al., 1997) is expressed on a variety
of hematopoietic cells (Lagaudrière-Gesbert et al., 1997), nerves (Nakamura et al., 1996),
muscle (Scherberich et al., 1998) and fibroblasts. Previously, it has been show to play a
role in the cell adhesion, cell migration and signal transduction (Lagaudrière-Gesbert et
al., 1997; Tai et al., 1997; Hemler, 2005). Moreover, it associates with a several costimulatory molecules, such as CD3, CD4 and CD5 (Toyooka et al., 1997). In the
environment of peritoneal cavity CD9 is expressed on the innate-like B cells (Won and
Kearney, 2002) and its expression is rapidly downregulated after the stimulation with
LPS. This downregulation might subsequently enable the egress of activated lymphocytes
out of the cavity (Ha et al., 2006). This is in concordance with our results, where the
downregulation of expression at the early phases of the infection might be related to the
efflux of activated cells from the peritoneal cavity. Additionally, the resolution of
inflammation at the later phases of the reaction correlates with the recovery of the
expression to the initial level. Additionally, our data suggest, that the expression of CD9
is downregulated only during the infection with viable bacteria, while the stimulation with
an inactivated antigen induced its upregulation. Finally, its worth to note, that the changes
in the expression of CD9 seems to be tissue specific, since Jorgensen et al.(2011)
described increased expression of CD9 in head kidney upon infection with VHSV.
To the tetraspanin family belongs also another regulated molecule; CD37. Unlike other
tetraspanins, it is known to be expressed exclusively on the immune cells. Initially, it has
been described as a unique marker for IgM+ B cells (Schwartz-Albiez et al., 1988),
although recent studies have demonstrated its presence also on other leukocytes (Tarrant
et al., 2003). The absence of CD37 in knockout mouse cause impaired T cell-dependent B
cell responses (Knobeloch et al., 2000) and promote the IgA antibody response (van
Spriel et al., 2009). Upon B cell activation is the CD37 downregulated and crosslinking of
CD37 with monoclonal antibodies modulates B cell proliferation (Knobeloch et al.,
2000). On T cells the absence of CD37 results in the increased kinase activity of
CD4/CD8-associated Lck, dysregulation of TCR signalling, enhanced IL2 production and
proliferation (van Spriel et al., 2004). The function of CD 37 in fish has never been
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studied, although the regulation of its expression in response to A. salmonicida was
already reported by Skugor et al. (2009). Similarly as for CD9, the expression of CD37
was strongly regulated mainly in the early onset of inflammation and might correlate with
the rapid recruitment of myeloid cells into the cavity. The resolution of inflammation
brought the expression of CD37 to the initial level.
Further surface molecule regulated at the early phases of inflammation was CD83. CD83
used to be considered a highly specific marker for the activated dendritic cells in human
and mice. However, recent studies reported the surface expression also on the activated T
lymphocytes, activated macrophages, subset of NK cells and activated neutrophils
(Breloer and Fleischer, 2008). On B cells is CD83 rapidly upregulated upon the
stimulation with LPS or ligation of BCR (Kretschmer et al., 2007). Since the presence of
DC in rainbow trout is still under debate, it is not clear to which cell type the signal
belongs. Obtained functional data suggest that the upregulation of CD83 might be related
to the activation of macrophages and B cells in early phases of the infection. The decrease
of the expression to the initial level at the later phase is in concordance with the resolution
of inflammation observed on the cellular level. Our results are supported by the recent
publication of Martinez-Alonso et al. (2012) who described the increased expression of
CD83 in the peritoneal cavity of rainbow trout after the stimulation with IPNV. Similarly,
Ohta et al., (2004) and Purcell et al. (2006) reported an upregulated expression during the
acute viral infection with IHNV.
Another molecule, regulated in all experiments was CD31, known also as Platelet
endothelial cell adhesion molecule-1 (PECAM-1). It is a member of the immunoglobulin
superfamily of cell adhesion molecules and is present on most of the leukocytes including
platelets, monocytes, neutrophils and lymphocytes subsets. The homophilic interactions
of PECAM-1 molecules are known to allow the leukocyte diapedesis and recruitment of
the cells to the sites of inflammation in vivo. Further more, the pre-treatment of mouse
with an anti-CD31 antibody impairs the neutrophil infiltration to the peritoneal cavity
(Chosay et al., 1998). The downregulation of CD31 observed in our experiments seems to
be in contrast with the infiltration of inflammatory leukocytes into the cavity shown by
flow cytometry. However, as shown by Christofidou-Solomidou et al. (1997) the
expression of CD31 is lost once the cells reach the site of inflammation. This might
explain the low expression levels of CD31 obtained from the stimulated peritoneal
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leukocytes, which might have lost the expression of CD31 after the entrance into the
cavity.
A further molecule supporting the recruitment of myeloid cells into the inflamed cavity is
the CD226. This molecule is known to help monocytes to transmigrate across the wall of
endothelial vessels (Seth et al., 2009). Nevertheless, the knowledge about the function of
CD226 in fish is very limited and its increased expression during the peritoneal
inflammation has to be verified in future experiments. The upregulation observed in our
experiments suggest the CD226 as one of the activation markers upregulated during early
and late phases of the reaction, indicating the potential role of CD226 not only in the
recruitment of monocytes but also in lymphocytes.
Finally, the last discussed surface marker regulated during the peritoneal inflammation
was the CD209. This marker is generally used for the identification of DC. The receptor
is responsible for binding of ICAM3 on naïve T cells and appears to be essential for the
DC-induced proliferation of T cells. In zebrafish CD209 was shown to associate with
various APCs, including the macrophages, B cells and group of DC-like cells.
Additionally, it has an essential role in the activation of T cell and antibody production, as
indicated by the impaired antibody production after binding of anti-CD209 (Lin et al.,
2009). The induced expression was already observed in the publication of Mutoloki et al.
(2010) where an increased expression of CD209 correlates with the severity of the
granuloma formation after the i.p. delivery of oil-adjuvanted vaccines (Mutoloki et al.,
2010).
Taken together, changes in the expression of surface markers are in accord with the
changes observed in the flow cytometry. The pattern suggests activation of resident cells
(CD9, CD83), their possible egress from the cavity, and the recruitment of myeloid cells
(CD31, CD226) at the early stages, followed by the increase in the expression of cellular
markers related to the adaptive immunity (CD4, CD276, CD40L). Surprising was the
absence of B cell related markers contrasting with increasing influx of IgM+ lymphocytes
observed at later phases of the reaction. However, this bias is probably caused by the
absence of known B cell markers in fish.
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6.1.2 Cytokines and cytokine receptors
Another group of highly regulated genes were the cytokines, small proteins released by
various cells in the body in response to the activating stimulus. During the early phase of
inflammation the reaction was orchestrated by five pro-inflammatory molecules; IL1β,
TNFα; IL8 (CXCL8), IL6 and IL12, produced by activated macrophages (Secombes et
al., 2001; Murphy et al., 2007). The expression of these molecules in fish is well
described in different conditions after various treatments (reviewed in (Secombes et al.,
2001)) including the infection with A. salmonicida (Mulder et al., 2007). In agreement
with previously described data, obtained results revealed significant changes in the
expression of IL1β, TNFα and IL8 depending on the investigated treatment and time
point. Thus, while the inactivated bacteria induced only a mild increase in the expression,
the infection caused a rapid upregulation to high levels. These differences were in accord
with the results obtained by flow cytometry. Obviously, a mild upregulation of the
expression induced by the antigen leads only to a mild increase in cell number, whereas
high expression levels induced by the infection attract a higher number of cells. Based on
these observations, it was expected that a significantly lower number of cells observed in
the resistant trout will be linked to the lower expression of inflammatory cytokines at the
early stage of inflammation. Nevertheless, the comparison of both strains did not reveal
any significant difference. These were first observed at later stages of the reaction, when
susceptible trout exhibited a significantly higher expression of IL1β and TNFα than
resistant fish underlining the delayed onset of lymphoid stage in this fish.
The expression of pro-inflammatory molecules is also related to the expression of their
receptors. In our study, an upregulation of both IL1-RL and IL1-R2 was observed. The
former mediates all known biological functions and is known to be upregulated by the
LPS stimulation (Subramaniam et al., 2002), whereas the latter is the major receptor on
neutrophils, B cells and monocytes and due to the lack of signal transducing cytosolic
domain it is unable to deliver biological signals. Thus, it seems to work as a molecular
trap inhibiting the activity of IL1β and suggesting its role in a negative feedback of IL1β.
By that it prevents the harmful effects of inflammatory response (Sangrador-Vegas et al.,
2000; Lopez-Castejon et al., 2007). Expectedly, our data suggested an increased
expression of both molecules during the early stages of the reaction coinciding with the
upregulation of IL1β. Remarkably, the expression of decoy receptor, IL1-R2 in both
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strains was considerably higher than the expression of functional receptor. The biological
relevance of this observation remains unclear.
The production of pro-inflammatory cytokines also results in the induction of
prostaglandin production. Prostaglandin is produced by cyclooxygenases with two
isoforms (Secombes et al., 2001). While the COX-1 is regarded as the housekeeping gene
and is constitutively expressed in most of the cells, COX-2 is inducible in monocytes and
macrophages exclusively during the inflammatory responses (Zou et al., 1999). These
observations were confirmed also by our investigation. While the expression of COX-1
was downregulated in the resistant trout and remained almost unchanged in the
susceptible strain, the expression of COX-2 was significantly enhanced in both trout
strains. Thus, the expression of COX-2 is not inducible only in head kidney (Zou et al.,
1999), but also directly in the peritoneal cavity as a part of the local immune response.
Together with the IL1β, TNFα and IL8, IFNγ represents another cytokine well known to
be expressed in the early stages of the immune response. However, unlike the others,
IFNγ has a different source and biological activity (Martin et al., 2007). This cytokine is
produced by Th1 T cells and NK cells and acts on many cell types, including
macrophages, T cells and NK cells, regulating both innate and cell-mediated responses.
Usually IFNγ is considered as a typical antiviral protein, but it was recently also shown to
drive macrophages to produce reactive oxygen and nitrogen to kill intracellular bacteria
(Schroder et al., 2004). This was confirmed also in rainbow trout, where the recombinant
IFNγ enhanced the respiratory burst of the macrophages (Zou et al., 2005). Thus, the
increased production of IFNγ might represent an advantage during the early phase of the
immune reaction, promoting the activation of macrophages. Nevertheless, obtained results
contrast with this hypothesis, since neither the infection nor the stimulation induced an
increased expression, but led to its downregulation. This is in accord with the
downregulation of major T cells markers and the decreased percentage of T cells observed
by flow cytometry. Notably, the recovery of the expression of IFNγ was related to the
upregulation of T cells markers at the later phases. Nevertheless, the regulation of IFNγ
expression remained not significant.
Aside from the well-defined pro-inflammatory cytokines, IL17D and IL18 exhibited
significant changes. The first belongs to a recently described family of pro-inflammatory
cytokines produced by Th17 T cells (Stockinger et al., 2007). In accordance to the
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previously published observation (Kumari et al., 2009), IL17D was significantly
upregulated at the early stages of infection in both trout strains and its expression ceased
with the onset of lymphoid stage. Notably, significant changes of the expression were
observed only during the infection, while the stimulation induced no remarkable changes.
Second, the IL18 is another pro-inflammatory cytokine of the IL-1 family produced in a
wide range of cells, including T and B lymphocytes, macrophages and Kupffer cells (Biet
et al., 2002). In synergy with IL12 promote the production of IFNγ, enhance the cell
cytotoxicity of NK cells and stimulate the Th1 response. Obtained results indicated only a
mild regulation of the expression during the inflammation and suggested a significantly
higher expression of IL18 during the early stages of infection in the susceptible trout. This
observation correlated with a slightly higher expression of IFNγ in this trout strain, but
this correlation is only elusive and requires further investigation. On the other hand, the
regulation of expression in the peritoneal leukocytes represents the first report about the
inducible expression of IL18 in vivo, since the majority of literature describe its functions
only on the cell lines RTG-2 (Zou et al., 2004) and RTS-11 (Martin et al., 2007).
Together with the expression of pro-inflammatory cytokines, both the stimulation and
infection induced the expression of two molecules with a known anti-inflammatory
potential; the IL10 and transforming grow factor β (TGFβ). The former, was earlier
shown to be produced by a variety of cells and is known for its suppressive effects on the
immune responses, inhibiting the synthesis of cytokines, reactive oxygen and nitrogen and
favouring the Th2 responses by the inhibition of IFNγ (Inoue et al., 2005). In fish, IL10 is
constitutively expressed in gills and head kidney, and inducible by the LPS in head kidney
and spleen (Inoue et al., 2005). The results of microarray analysis indicated a strong
upregulation of expression as soon as 12 hpi in all treated groups. Notably, only marginal
differences in the expression were observed between the investigated trout strains. First
later, at 72 hpi, was the expression of IL10 significantly higher in resistant trout, while it
was downregulated in the susceptible trout. A comparable pattern was found in the head
kidney in a salmon showing an increased resistance to A. salmonicida (Zhang et al.,
2011). Thus, unlike in other infection models, where the absence of IL10 lead to the
extended survival and faster clearance of Candida albicans (Cyktor and Turner, 2011), E.
coli (Sewnath et al., 2001) and an increased resistance to Trichinella spiralis (Vasilev et
al., 2009), increased expression of IL10 seems to increase the survival of fish.
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Nevertheless, it remains to determine whether it correlates with a higher survival also in
other infection models, or whether it is involved only in the defence mechanism against A.
salmonicida.
The second molecule often regulating the immune response is the transforming growth
factor β (TGFβ). In fish, three different TGFβ isoforms have been found and remain to
estimate how do they modulate the immune functions (Randelli et al., 2008). Previously, a
significantly decreased expression was reported in head kidney and distal intestine after
the bath challenge with A. salmonicida (Mulder et al., 2007). Contrary, Raida et al. have
shown an increased expression of TGFβ at the later phases of inflammation, suggesting its
regulatory or anti-inflammatory effects (Raida and Buchmann, 2008). Conversely to
published data, a slight downregulation at the early phases of infection experiment were
observed. This was compensated by the upregulation at the later time point. Notably, the
upregulation was profounder in the resistant trout and coincided with the increased
expression of IL10.
Thus, while the susceptible trout exhibited an increased expression of pro-inflammatory
cytokines at the later stage, the resistant fish expressed significantly higher levels of antiinflammatory IL10 and TGFβ. These differences further correlate with the total number of
cells and the number of myeloid cells in particular. This further supports the notion about
the faster resolution of inflammation in the resistant trout.

5.1.3. Chemokines and chemokine receptors
A further group of significantly regulated genes represented the chemokines and their
receptors. In the presented study, the regulation of expression was observed in four
chemokines, two of CC family and two of CXC family. The first investigated was
CXCL12, also know as a stromal-cell derived factor 1. As shown in a mammalian model,
CXCL12 has complex effects on the migration, proliferation and differentiation of
leukocytes (Ma et al., 1998). Furthermore, CXCL12 has been shown to play an essential
role for the survival of polymicrobial sepsis and clearance of the bacteria from the
peritoneal cavity. (Delano et al., 2011). This observation is of particular importance
because the expression of CXCL12 differed significantly between the investigated trout
strains with a remarkably higher expression in the resistant trout. This difference was
predominant at the early stage of the reaction, which might also indicate that increased
expression of CXCL12 is related to the action of myeloid cells rather than lymphocytes.
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The next regulated chemokine was CXCL13, also known as BLC (B lymphocyte
chemoattractant). This chemokine represents a unique ligand for CXCR5 and it is
believed to be produced by the follicular stromal cells with the aim to bring the DC, B and
T lymphocytes together (Cyster et al., 2000). CXCL13 was shown to be very important
also in the peritoneal cavity, where it is expressed by macrophages and by omentum and
supports the egress of cells after TLR stimulation (Ha et al., 2006). Nevertheless, the
infection with A. salmonicida led at early stages to the downregulation of expression in
both investigated strains. Notably, the downregulation was stronger in the susceptible
trout and resistant trout recovered faster to the initial level. The comparison of both strains
further indicated a slightly higher expression level in the resistant trout with the most
prominent differences at the later time point. This could be related to the earlier onset of
lymphoid stage in resistant trout followed by dramatic influx of B cells.
Further regulated chemokines belonged to the CC family with two adjacent cysteines on
the N-terminus. The first, CCL4 is produced by a variety of immune cells including the
monocytes/macrophages, lymphocytes, NK cells and IL1β stimulated hepatocytes and the
intensity of the expression is one of the decision points in coordinating the degree and
duration of a local inflammatory response (reviewed in (Mackenzie et al., 2004)). In trout
the CCL4 was discovered in the analysis of ESTs from the LPS stimulated macrophages,
and later expression studies revealed its ubiquitous expression inducible by LPS
stimulation (Mackenzie et al., 2004). As in the previously published observations in
salmon macrophages (Vanya Ewart et al., 2008), both stimulation and infection induced
an upregulation of expression in both strains. Nevertheless, this upregulation was only
mild and remarkable differences were revealed only by the comparison of investigated
strains. While CCL4 was upregulated during both time points in the susceptible trout, a
downregulation was observed at 72 hpi in the resistant fish. This resulted in a significantly
higher expression in the susceptible trout. Nevertheless, it remains unknown, whether the
higher expression of CCL4 has any effects on the delayed resolution of inflammation.
Similarly, only marginal changes were observed in the expression of CCL25. The
inflammation lead to the downregulation with the most remarkable changes observed
during the stimulation in the resistant trout. Furthermore, the comparison of both strains
indicated a significantly higher expression in the resistant trout. Nevertheless, these
results are only elusive, related rather to the profounder downregulation of expression in
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the susceptible trout than to the actual increase in the expression in resistant one. The
interpretation of acquired results is further complicated by the fact, that the distribution of
expression in fish is unknown. It is therefore not known, whether the CCL25 attracts the
activated macrophages, dendritic cells, thymocytes (Vicari et al., 1997) and IgA secreting
B as in mammals (Campbell and Butcher, 2002) or whether it represents any unique role
in the peritoneal cavity of fish.
Finally, the expression of chemokines provided also the first hints explaining the
difference between both trout strains and rise questions about the possible function of
CXCL12, CXCL13, CCL4 and CCL25 in the regulation of peritoneal inflammation.

6.1.3 Acute phase proteins and antibacterial peptides
A further group of regulated genes were the acute phase proteins and antibacterial
peptides which represent the first lines of host defence. These molecules act immediately
with the aim to kill the bacteria by disrupting the cell membrane or compete with the
pathogen for free iron.
The ability of the host to regulate the amount of available free iron is one of the key
factors limiting the bacterial growth and the acquisition of iron from the environment
therefore represents a critical step for the survival (Najimi et al., 2008). To maintain low
concentrations of iron the host uses iron binding proteins transferrin and lactoferrin (Hirst
and Ellis, 1996). In teleost fish transferrin possess not only the ability to bind iron, but
studies in goldfish also suggested its ability to activate macrophages, support the
production of nitric oxide and enhance the killing response to different bacteria (Stafford
et al., 2001; Stafford and Belosevic, 2003). In rainbow trout, transferrin is considered to
be a positive acute phase protein, based on its increased concentration in plasma (Bayne
and Gerwick, 2001; Russell et al., 2006) and increased expression in the liver in the
challenge experiments with Yersinia ruckeri (Raida and Buchmann, 2009). In presented
experiments, the expression of transferrin was slightly upregulated in the susceptible trout
during the stimulation and infection, and underwent a significant decrease at the later
phase. This would support the notion that an increased expression of transferrin at the site
of infection should create an iron-deficient environment and complicate the bacterial
growth. However, the strongly downregulated expression of transferrin at the early phase
of both antigen stimulated and A. salmonicida infected resistant trout contradicted this
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hypothesis. Since A. salmonicida is known to possess the ability to acquire the iron bound
in transferrin thanks to the production of siderophore (Hirst and Ellis, 1996), the absence
of transferrin in the resistant trout might be beneficial for the survival. A comparably
strong decrease in the expression was previously reported in the liver of Sea bass after
infection with Photobacterium damselae (Neves et al., 2009). This would further suggest
the existence of another iron binding mechanism in fish, which would substitute the
transferrin. Nevertheless, such hypothesis requires a further and detailed investigation.
Hepcidin, also termed LEAP-1 (Liver expressed antimicrobial peptide), is another iron
binding molecule. This peptide was initially found predominantly expressed in the liver
and experiments with a synthetic protein have shown its bactericidal activity. Shortly after
the discovery of its properties, hepcidin was shown to be involved in the iron metabolism.
This dual role seems to be highly conserved through the evolution considering that
synthetic hepcidin from bass (Morone spp.) is active in vitro against Gram negative
bacteria and fungi and at the same time it is involved in the iron homeostasis in channel
catfish anaemia (reviewed in (Shi and Camus, 2006)). The induced expression of hepcidin
after infection with A. salmonicida was previously reported by Martin et al. (2006), who
observed the upregulation of expression in liver, head kidney and gills as soon as 6 hpi. A
comparable upregulation was observed also in presented study. Interestingly, the highest
level of expression was observed after the activation with inactivated bacteria, while the
expression induced by the infection was slightly lower. Noteworthy, there had been a
significant difference in the expression between investigated strains at 72 hpi, when the
expression declined back to the initial level in the susceptible fish, while it remained
upregulated in the resistant one. These results might be of particular interest, since the
expression of hepcidin is known to reduce the expression of TNFα and IL6 and is
additionally supressing the toxicity of LPS and poly(I:C)-induced inflammation (De
Domenico et al., 2010). Indeed, the expression of TNFα was at this particular time point
of infection higher in susceptible fish.
Another antibacterial peptide regulated in the presented study was cathelicidin. This
family was initially considered exclusive to mammals, but recent works revealed two
forms of cathelicidin in Atlantic hagfish (Uzzell et al., 2003), rainbow trout and Atlantic
salmon (Chang et al., 2005; Chang et al., 2006). Cathelicidins are usually found in the
neutrophils and at mucosal surfaces, and their expression is inducible by LPS and
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poly(I:C) in head kidney cell cultures (Chang et al., 2005). As shown by the experiments
in Atlantic cod (Feng et al., 2009) and Atlantic salmon (Martin et al., 2006) the infection
with A. salmonicida induce a rapid expression of cathelicidin in head kidney, spleen and
gills. Similarly, an increased expression of cathelicidin was observed in the activated
peritoneal cavity. The expression was highest at the early stage of stimulation and
recovered to the initial level at 72 hpi. Unlike hepcidin, no significant differences were
observed between both strains.
Contrary to the previously reported data, the expression of bactericidal/permeability
increasing protein (BPI) was only marginally regulated. BPI is found in the granules of
neutrophils, and it is known to bind the LPS and neutralize its cytotoxicity (Canny and
Levy, 2008). In fish, a constitutive expression was found in the head kidney and liver of
rainbow trout (Inagawa et al., 2002) and the Atlantic cod (Solstad et al., 2007). Notably,
the expression could be induced by stimulation in both species. In contrast to these
findings, the expression of BPI was significantly downregulated early after the infection
and recovered to the initial level at 72 hpi, while the stimulation did not induce any
significant changes. These results were consistent in both trout strains, although the
expression level was slightly higher in the susceptible trout.
Another molecule involved in the immune response against the bacteria was the
Neutrophil cytosolic factor-1 (NCF1), also known as p47phox. NCF1 participates
together with p67phox, gp91-phox, p22phox, p40phox and Rac2 subunit on building of
NADPH oxidase responsible for the production of superoxide anions in the phagocytes
and B lymphocytes (Olavarria et al., 2010). Previously, the NADPH complex was
characterized in both rainbow trout (Boltana et al., 2009) and Atlantic salmon (Olavarria
et al., 2010) and the PCR analysis revealed a predominant expression of NADPH oxidase
genes in the kidney, spleen and gills. Notably, in comparison to the other genes in the
complex, p47phox exhibited the highest expression. Moreover, after the stimulation with
LPS and infection with Piscirickettsia salmonis underwent the expression of p47phox
most remarkable changes, while the expression of other molecules in the complex did not
change (Boltana et al., 2009; Olavarria et al., 2010). Similarly, in our experiments reached
p47phox the highest expression changes from all NADPH oxidase genes present on the
array (NCF2, gp-91phox, Rac-2). Expectedly, the expression was related to the increasing
number of myeloid cells at the early stage of inflammation and faded in the lymphoid
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phase. Since the production of reactive oxygen species is responsible for the bacterial
killing, it was also of an interest to compare the expression of p47phox between both
strains. However, the expression was comparable and no significant difference in the
expression between investigated strains was observed.
The last antibacterial protein analysed here in detail was the Natural resistance-associated
macrophage protein (NRAMP) also known as the solute carrier family 11 (SLC11). This
gene belongs to the gene family of divalent metal transporters, with two functional
paralogs, SLC11A1 (NRAMP1) and SLC11a2 (NRAMP2)(Neves et al., 2011). The first
form has been identified as one of the genes responsible for the increased resistance to
intracellular pathogens such as mycobacterial pathogens, Leishmania or Salmonella
typhimurium (Govoni and Gros, 1998; Bellamy, 1999), while SLC11a2 is related to the
iron uptake in the intestine. As shown in the mouse model, SLC11a1 (NRAMP1) gene
has many effects on the macrophage activation, including the regulation of chemokines,
IL1β, inducible nitric oxide synthase (iNOS), major histocompatibility complex (MHC)
class II molecules, TNFα, release of nitric oxide (NO), oxidative burst and antimicrobial
activity (Blackwell et al., 2001).
NRAMP was identified also in fish, including the trout (Dorschner and Phillips, 1999;
Burge et al., 2004; Chen et al., 2004), and its gene expression was shown to be inducible
by different stimuli in a number of fish species including channel catfish (Chen et al.,
2002), red sea bream (Chen et al., 2004), striped bass (Burge et al., 2004). However, with
the exception of Rucker and El-Matbouli (2007), the relation of NRAMP to the disease
resistance was in fish never studied (Rucker and El-Matbouli, 2007). Considering that A.
salmonicida belongs to the group of intracellular pathogens, it was of particular interest
whether NRAMP can contribute to the higher resistance against the infection. As
expected, the expression was considerably increased in both strains during the early time
point and the expression was significantly higher in the resistant trout, positively
correlating with its higher resistance. Thus, obtained results indicate, that the expression
of NRAMP correlates with the higher survival even in the fish model and represent the
first report of this correlation in fish. Furthermore, the model of two strains with different
resistance offers the unique opportunity to investigate the contribution of NRAMP on
higher resistance in detail in future experiments.
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Next to NRAMP, the expression pattern of Angiotensinogen, a molecule related to acute
phase proteins, showed a positive correlation with the resistance against A. salmonicida.
A considerable induction of angiotensinogen was found especially after infection, and
more profound changes were found in the resistant trout. The increased expression at the
local site of inflammation is of particular importance, since angiotensinogen is, as other
acute phase proteins, expressed preferably in the liver. In fish, angiotensinogen was
described in fugu (Takifugu rubripes), zebrafish, ayu (Plecoglossus altivelis) and silver
sea bream (Sparus sarba) (Liang et al., 2004; Wong et al., 2007; Chen et al., 2008) and its
characterisation suggested a functional similarity to mammalian protein. Nevertheless,
whether it increases the host resistance in peritonitis in fish as it does in mice and rats
remains to be investigated (Rodgers et al., 2000).
A similar pattern exhibits another member of acute phase protein; the SAA. It belongs to
the protein family which comprises acute phase and constitutive members, both of which
are synthesised in the liver. The pro-inflammatory SAA is a major acute phase protein,
whose expression is induced by inflammatory cytokines (IL1β, IL6 and TNFα). During
inflammation is SAA showing up to 1000-fold increase in the plasma concentration
(Uhlar and Whitehead, 1999) and it was additionally shown to influence the cell adhesion
and recruitment of monocytes to the site of inflammation (Badolato et al., 1994). In
rainbow trout the basal expression was found not only in the liver but also in several
immune relevant tissues, and it was apparently upregulated after stimulation with LPS as
well as during infection with Flavobacterium psychrophilum (Villarroel et al., 2008). In
the presented study, an increased expression of SAA at the local site of immune response
was detected. This correlates with the increased level of IL1β and TNFα and other acute
phase proteins discussed earlier in this chapter. This is not surprising; since the
macrophages are a known extra-hepatic source of SAA (Jensen and Whitehead, 1998).
Indeed, the expression depends on the viability of the bacteria, so that the inactivated
antigen induced a lower response than the viable pathogen. Nevertheless, the correlation
of expression with the levels of IL1β and TNFα was not observed and in both strains
reached the level of SAA5 higher level at the later stages of infection. Finally, it is worth
to note, that the induction of SAA in the peritoneal cavity was only marginal when
compared with the expression changes observed in the head kidney. Thus, although the
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peritoneal leukocytes expressed some of the acute phase proteins such as SAA5 or
angiotensinogen, the stimulation induced a stronger response on the systemic level.

6.1.4 Toll like receptors
The Toll-like receptors (TLRs) represent a family of pattern recognition receptors (PPR)
recognizing the pathogen-associated molecular patterns (PAMPs) (Medzhitov, 2007).
Based on their function in recognition of danger signals, their activity and regulation of
expression might have a vital effect on the onset of inflammation and the outcome of the
infection.
All proteins in the family consist of an extracellular domain containing leucine-rich
repeats (LLRs), a C-terminal flanking region and a cytoplasmatic signalling domain called
the Toll/IL-1 receptor homology domain (TIR)(Akira and Takeda, 2004). The TLRs
exhibit a high ligand specificity and their subcellular localization correlate with the nature
of their ligands (Murphy et al., 2007). Upon the activation, TIR domain signalling
complex is formed between the receptor domain and an adequate adaptor molecule,
mainly the Myeloid differentiation primary response protein 88 (MyD88) or alternative
adaptors (reviewed in (Rebl et al., 2010a). In our experiments, the expression changes
differed between the stimulation and infection. While the inactivated bacteria generally
led to a mild upregulation of TLR8, TLR9, TLR13 and TLR5 at 12 hpi with a subsequent
decrease to the initial level, the infection led to the polarization of the response between
the downregulated TLR8, TLR9 and TLR13 and a strongly upregulated TLR5. Such a
difference can be accounted to the fact that TLR8, TLR9 and TLR13 belong to the
intracellular ligands recognizing the viral PAMPs, whereas TLR5 is known to recognize
flagellin on the surface of bacteria. Additionally to the membrane form, TLR5 has also a
soluble form, which is forming a complex with flagellin and amplifies the signal in
concert with the membrane bound form (Tsujita et al., 2004; Tsoi et al., 2006; Tsujita et
al., 2006). Despite the fact that used microarray platform did not distinguish between the
membrane and the soluble form, our results provide a further evidence about the
significance of TLR5 in the infection with A. salmonicida observed earlier in Atlantic
salmon (Vanya Ewart et al., 2005). Finally, in contrast to the earlier results, no correlation
was observed between the increased expression of TLR5 and the increased resistance to
A. salmonicida (Zhang et al., 2011).
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6.1.5 Matrix metalloproteinases
Finally, the last family of genes investigated in a detail were the matrix
metalloproteinases. These genes, from the family of zinc-dependent endoproteinases,
were selected for a detailed analysis for their known functions influencing inflammation,
cell invasion and wound healing (Manicone and McGuire, 2008). Furthermore, the
regulation of metalloproteinases expression was reported previously (MacKenzie et al.,
2006; Martin et al., 2006; MacKenzie et al., 2008) Thus, considering the differences
observed on the cellular level, it was intriguing to investigate whether the delayed
resolution of inflammation in the susceptible trout correlated with the expression of these
genes.
MMP13, also referred as collagenase-3, has been previously shown to be upregulated
after the infection with Edwardsiella tarda in Japanese flounder (Matsuyama et al., 2007)
and Edwardsiella ictaluri in channel catfish (Jiang et al., 2010). In accord with above
mentioned studies, the expression was upregulated rapidly after infection and despite a
slight decrease remained upregulated till 72 hpi. It was speculated that MMP13 may carry
out diverse roles during the infection, raging from the degradation of the bacterial cell
wall through remodelling processes to the tissue repair (Jiang et al., 2010). Eventually, the
higher expression of this molecule at the early stages of the reaction indicated a prominent
role of MMP13 during the acute phase of the infection, rather than during the tissue repair
in later phases.
A comparable reaction pattern as MMP13 was observed for another matrix
metalloproteinase, MMP9. MMP9 belongs together with MMP2 to the gelatinase family,
and its expression is inducible by the stimulation. It is secreted by activated monocytes
and macrophages and in lesser extent also by T cells (Renckens et al., 2006). In fish the
function of MMP9 has been intensively studied in carp peritonitis model after stimulation
with zymosan, LPS and ConA. The expression was inducible early upon stimulation,
faded later and reached the highest peak 7 dpi (Chadzinska et al., 2008a). A comparable
reaction was observed also in presented experiments. Notably, the expression in the
infected fish reached a higher level and also lasted longer than the reaction towards the
inactivated antigen. Thus, the expression of MMP9 is presumably related to the acute
phase of inflammation as MMP13, and its expression level is decreasing to the initial
level first after the bacterial clearance.
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As mentioned above, MMP9 belongs to the gelatinase family together with MMP2, but
unlike inducible MMP9, the expression of MMP2 is constitutively present in all body
fluids and it is usually not present in lymphocytes. The role of MMP2 in the context of
inflammation is not well described, although the level of MMP2 is known to be increased
during peritoneal injury (Hirahara et al., 2004). Apart from the general functions, MMP2
was also shown to cleave CCL7, a potent monocyte chemokine formerly known as
monocyte chemoattractant protein-3 (MCP-3). The cleaved form of CCL7 has a reduced
ability to attract the monocytes both in vivo and in vitro and MMP2 can in this way
contribute to the resolution of inflammation (McQuibban, 2000). This hypothesis is
supported also by our results, where the expression of MMP2 was significantly
downregulated during early time points of both stimulation and infection, allowing the
appropriate attraction of the myeloid cells. Later, the expression had increasing tendency
but remained under the initial level, leaving the discussion about its function during
peritonitis in fish open.
Taken together, the combination of cellular and transcriptional analysis offered unique
insights into the processes controlling the peritoneal inflammation and enabled us for the
first time to analyse the transcriptional data in the context of controlled inflammation with
a known kinetic of major cell subpopulation. Obtained data can be viewed in two ways:
(a) to investigate general processes underlining the defence mechanisms of the peritoneal
cavity and evaluate the differences between the antigenic stimulation and the infection,
while at the same time they can be used to (b) investigate the differences leading to the
higher resistance against A. salmonicida.
The results provided by flow cytometry indicated that the antigen stimulation follows a
comparable reaction pattern as the infection, but both treatments differ in the intensity.
The onset of immune response is rapid and results in the complete exchange of cell types
within the first 6 hpi caused by the recruitment of myeloid cells. At this time point, the
myeloid cells represented more than 70 % of peritoneal leukocytes and the viability of the
pathogen was decisive for the further development. These dramatic changes were
confirmed also by the analysis of expression of surface molecules. Here, the
downregulation of T cells-related surface markers was observed, while the activation
markers were upregulated. Differences between the stimulation and infection appearing in
following hours were governed by the intensity of expression of major pro-inflammatory
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molecules such as IL1β, IL8 or TNFα and molecules influencing the permeability,
diapedesis and cell recruitment. While the antigenic stimulation induced only a slight
increase in the expression, followed by a mild increase in the number of cells, the
infection induced more than 6 times higher transcriptional changes. These were indeed
followed by a tremendous increase in the number of myeloid cells. Expectedly, the
viability of the bacteria is not influencing only the expression of IL1β, IL8 or TNFα, but it
induces a much stronger regulation in the group of other cytokines, chemokines, acute
phase proteins and proteins with a known antibacterial activity. Not surprisingly, the
majority of upregulated genes is known to be produced by myeloid cells, which were at
the early time points dominating the cavity. Later on, the inflammation headed towards
the resolution and the myeloid cells were substituted by the lymphocytes. Notably, in fish
stimulated with antigen became the lymphocytes the major population 24 hours earlier
than during the infection. This suggests a vital role of myeloid cells as regulators
controlling the resolution of inflammation. The resolution became apparent also in the
expression profile, where the majority of pro-inflammatory molecules underwent a
downregulation while the anti-inflammatory molecules such as IL10 or TGFβ increased
its expression. Also the expression of cellular markers related to the adaptive immune
response increased, underlining changes observed in flow cytometry.
The comparison of the cell kinetic and differences in the expression profiles observed in
the presented study also contributed to the understanding of disease resistance in fish.
Unlike others, we aimed to deliver more than a comparison of mortality and evaluation of
few immune aspects and obtained data provided several unprecedented observations.
Firstly, the cellular analysis suggested that susceptible trout employ a higher number of
cells to clear the stimulus from the cavity. This observation was consistent during the
stimulation and infection and is therefore not depending on the antigen. Observed
differences were further underlined by changes in the expression. Remarkably, the
transcriptional analysis did not suggest many significant differences appearing during the
early stages of infection, while it identified a number of differently regulated genes at the
later phase. This correlates with the differences observed on the cellular level, where the
development of myeloid phase was comparable between both strains, but differed at the
later phase. Especially, the expression of pro-inflammatory (IL1β, TNFα) and antiinflammatory (IL10, TGFβ) genes differed between both strains. Thus, while the
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expression of the former was significantly higher in the susceptible strain, the latter
reached a higher expression in the resistant fish. Notably, both strains differed also in the
expression of other immune-relevant molecules, from which the NRAMP (Natural
resistance associated macrophage protein) was selected as one of the molecules whose
increased expression correlate with higher disease resistance in other species. This might
represent one of the candidate genes, which appeared during the selection in the brackish
water of the Baltic Sea and positively contribute to the increase resistance in rainbow
trout. Nevertheless, further revision of the microarray analysis would be beneficial to
identify additional molecules omitted from this analysis due to the missing annotation.
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7. Summary
Rainbow trout (Oncorhynchus mykiss) represents the third most produced species of
diadromous fish, with the total production of 0,732 million tonnes in 2009. More than one
third of this production comes from Europe, where it is dominated by Norway, Italy and
France. Germany is the fifth biggest producer in Europe, producing 21 thousand tonnes of
rainbow trout in the value of 6,1 million Euro.
However, the conditions in the intensive aquaculture often increase the disease
susceptibility to many pathogens. One of the highest economic threats for a salmonids
aquaculture is the causative agent of furunculosis, Aeromonas salmonicida subsp.
salmonicida. Several strategies have been developed to protect the fish, but the traditional
methods are either laborious or represent a potential risk for the environment. The
selective breeding established more than 35 years ago in the brackish waters of Baltic Sea
represent a attractive alternative, delivering a novel strain of rainbow trout better adapted
to the brackish environment and exhibiting reduced mortality in the infection with
A.salmonicida. Nevertheless, no information was available about the fundaments of this
phenomenon. Thus, the aim of presented study was the identification of immune
adaptations, which occurred during the 30 years of selection and favoured increased
survival of “born” trout to the bacterial diseases.
In the presented work, the peritoneal cavity of rainbow trout has been used as a model for
the investigation of disease resistance in fish. In the first chapter, the peritoneal cavity has
been described as a unique niche of teleost immune system and the kinetic of peritoneal
leukocytes induced by the stimulation has been analysed. Furthermore, a unique set of
monoclonal antibodies has been used to evaluate the contribution of distinct cell
populations on the inflammation and its resolution. In the second part of the study, the
transcriptional changes of peritoneal leukocytes have been evaluated using the GRASP
microarray. The following analysis provided unique insights into the local immune
response in rainbow trout.
The unprecedented combination of both data sets offers an unparalleled description of the
local immune response in teleost fish and can be summarized into following facts. In
general, the obtained results revealed, that the unstimulated peritoneal cavity is populated
predominantly by lymphocytes with IgM+ Bcells being the major cells type. The rapid
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changes in the composition induced by the stimulation were underlined by the
upregulation of major proinflammatory molecules such as IL1β, IL8 and TNFα within
12hpi. Although the initial phase of the reaction was dominated by myeloid cells, the
cavity underwent within 72 hours two complete changes in the composition
corresponding with the massive changes in the transcriptome. Eventually, the resolution
of inflammation was marked by an increasing number of lymphocytes and correlated with
the downregulation of pro-inflammatory genes to the initial level and upregulation of antiinflammatory cytokines IL10 and TGFβ.
Besides the general observations common to all treatments and both strains, our
experiments revealed also remarkable differences between the antigenic stimulation and
reaction towards pathogen. From these differences following conclusions can be drawn;
the infection induces comparable reaction pattern as the stimulation, although the intensity
of the reaction and number of cells is higher. These observations correlated with the
higher expression of inflammatory molecules after the infection. Viable bacteria also
prolong the myeloid phase of the reaction and delay the resolution of inflammation.
Finally, model of peritoneal inflammation caused by A. salmonicida has been applied also
to the second strain of rainbow trout, known for its higher resistance to infection. The
comparison of obtained data suggested that resistant trout reacted to the antigenic
stimulation and infection with a lower number of cells despite minor differences in the
expression level of major pro-inflammatory molecules during early stages of the infection.
Eventually, the resolution of inflammation and onset of adaptive immune response
occurred in resistant trout almost 24 hours earlier and was correlating with an increased
expression of anti-inflammatory cytokines IL10 and TGFβ. Notably, the increased
survival of resistant strain correlates with the increased expression of antibacterial
proteins such as NRAMP and hepcidin.
Taken together, obtained data provided unprecedented insights into the local immune
response in teleost fish and identified features conserved during the selection breeding in
the brackish water of Baltic Sea. Additionally, combination of cellular and molecular data
elucidates the peritoneal inflammation in fish and suggested high conservation of the
immune response in the evolution.
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8. Outlook
We believe that the presented work represents a novel and unprecedented study in the
field of fish immunology, where the cell kinetic of major cell populations during the local
immune response was described and provided the fundamental knowledge for further
transcriptional analysis. The ambition of following paragraphs is to outline possible
directions of further research on the level of cellular studies, molecular studies and finally
on the model of susceptible and resistant trout.
The established model of peritoneal inflammation is still very popular for the
investigation of innate immune functions in several species. Thus, the modifications of
herein described model offer a unique opportunity to investigate distinct aspects of
immune functions even in rainbow trout. The first point which offers an attractive
modification is the stimulant. Since A. salmonicida represent a very complex antigen with
an unknown composition, the employment of well defined ligands might help us to reveal
further information regarding the potential stimulant. Furthermore, since the peritoneal
cavity is in very close contact with the gastrointestinal tract, it would be intriguing to
investigate the sensitivity of peritoneal leukocytes to the diverse TLR-ligands.
The pace of the reaction and the rapid recruitment of cells into the inflamed cavity raised
several questions about the cell trafficking. Both, the source of the cells and their
destination are in fish unknown, although a considerable number of publications aim to
investigate on this. We believe that the peritoneal cavity represents an ideal model for this
investigation and could in the future help with the localization of lymph node-like
meeting points. Such study could be performed by the adaptation of our method to the
clonal trout and with the help of CFSE labelling of inflammatory leukocytes.
Furthermore, in combination with the monoclonal antibodies, this study could elucidate
preferential homing of distinct cell types and shed some light on the antigen processing in
teleost fish. Additionally, the peritoneal model of inflammation enables us to focus on the
function of IgM+ B cells and their role in the protection of the peritoneal cavity
As mentioned before, the research of the immune system of fish is often hampered by a
restricted repertoire of specific monoclonal antibodies recognizing the distinct subsets of
leukocytes. Although the panel of monoclonal antibodies employed in the presented study
is able to distinguish between all major leukocyte populations, it has a number of
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limitations. For example, in teleost fish, no markers for B or T lymphocytes which would
differ from BCR and TCR are known, the recognition of naïve and memory is not
possible and evaluation of activation is also not possible. Here, the methods of molecular
biology could provide additional information and molecular fingerprint could be created
using PCR for defined molecular markers known from the mammalian system.
Besides the functional data, the presented study also provided an overwhelming amount
of data describing the molecular processes underlining the development and resolution of
inflammation. Although these analyses were also partially biased by the limited
knowledge, obtained results elucidate the immune response in very detailed way and
deepened the knowledge obtained in the cellular studies. Noteworthy, since we have
decided for the EST based microarray, the transcriptional analysis did not provided us
with the list of regulated genes but ESTs instead. Due to the complex design of the
experiments, we aimed to simplify the analyses and focused only on regulated ESTs with
corresponding Unigene ID. This led consequently to the reduction of the regulated signals
down to 10 % and left all other genes aside. However, this fact increased the risk of
omitting possibly important genes. Thus, the biggest advantage of microarray, in the
ability to investigate a high number of different genes simultaneously, was hampered by
the limited knowledge of ESTs and corresponding genes. The possible solution for this
problem can be represented by computational analysis of the results as design by Aleksei
Krasnov in recently published STAR software. Additionally, obtained data, including the
EST signals not assigned by Unigene ID, represents a valuable platform for gene
discovery, which has been already demonstrated by the earlier works of our group. This is
of particular importance especially for the discovery of new genes which might be
relevant for the increased disease resistance and might represent markers for future
selection.
Finally, especially valuable insights into the immune response in the peritoneal cavity
might be delivered by the combination of monoclonal antibodies and high throughput
molecular methods such as microarrays or new generation sequencing. The cell sorting
would allow us to focus the investigations only on particular cell type and evaluate its
contribution to the inflammation. This approach has a high potential to deliver so far
unprecedented data, which would deepen our understanding of fish immune system and
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enable researchers to investigate the critical crossroads leading the evolution of the
immune system between teleost and mammals.
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APPENDIX

10. Appendix
10.1 Overview of significantly regulated genes belonging to the
category “response to stimulus”
10.1.1

Probe ID

Susceptible trout – antigenic stimulation
Genes significantly regulated in susceptible trout 12 hours post stimulation
pUnigene
Gene name
Value

FC

A_05_P249089

Ssa.23487

Toll-like leucine-rich repeat (tl/lrr)

0,002

25,2

A_05_P477777

Ssa.43410

Interleukin-1 receptor type II (il1r2)

0,002

9,6

A_05_P417477

Ssa.33040

ATP-binding cassette, sub-family B (MDR/TAP), member 3 (abcb3)

0,003

6,1

A_05_P437817

Ssa.5266

Unc-13 homolog D (un13d)

0,008

4,2

A_05_P367232

Ssa.31607

Interleukin-4 receptor alpha chain (il4ra)

0,008

3,9

A_05_P380772
A_05_P376832
A_05_P320457
A_05_P413542
A_05_P415892
A_05_P312122
A_05_P440157
A_05_P454417
A_05_P474467

Ssa.33040
Ssa.12951
Ssa.20345
Ssa.33232
Ssa.41075
Ssa.18197
Ssa.3441
Ssa.41075
Ssa.21974

0,005
0,004
0,006
0,001
0,006
0,009
0,001
0,000
0,005

3,9
3,3
2,2
-2,2
-2,6
-2,8
-2,8
-3,1
-3,3

A_05_P302617
A_05_P470962
A_05_P255964
A_05_P374187

Ssa.15562
Ssa.21243
Ssa.2200
Ssa.6250

ATP-binding cassette, sub-family B (MDR/TAP), member 3 (abcb3)
Probable ATP-dependent RNA helicase DHX58 (dhx58)
Arachidonate 5-lipoxygenase (lox5)
B-cell CLL/lymphoma 7 protein family member B (bcl7b)
Hypothetical protein LOC100194694 (LOC100194694)
Cell cycle checkpoint protein RAD1 (rad1)
EBV-induced G-protein coupled receptor 2 (ebi2)
Hypothetical protein LOC100194694 (LOC100194694)
Protein phosphatase 1, regulatory (inhibitor) subunit 1b-like
(LOC100194587)
DNA-binding protein inhibitor ID-2 (id2)
Proteinase-activated receptor 2 (par2)
Thymidylate synthase (tysy)
Leukocyte antigen CD37 (cd37)

0,006
0,008
0,004
0,005

-3,5
-3,5
-4,3
-4,7
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10.1.2

Susceptible trout – infection
Genes significantly regulated in susceptible trout 12 hours post infection
pValue

FC

Interleukin-1 beta (LOC100136449)
Interleukin-1 receptor type II (il1r2)
Tumor necrosis factor, alpha-induced protein 2 (tnap2)
Angiotensinogen (angt)
CD83 (cd83) mRNA
Androgen-induced proliferation inhibitor (aprin)
FYN-binding protein (fyb)
Membrane cofactor protein (mcp)
Aryl hydrocarbon receptor 2 delta (ahr2d)
Kinase C alpha type (kpca)

0,004
0,004
0,006
0,002
0,009
0,007
0,005
0,006
0,006
0,004

67,73
42,67
16,23
13,16
6,48
4,70
4,36
3,76
2,87
2,52

Ssa.604

Complement C1q subcomponent subunit C (c1qc)

0,000

-2,17

Ssa.2200

Thymidylate synthase (tysy)

0,002

-4,18

A_05_P450236

Ssa.2593

0,006

-6,89

A_05_P474467

Ssa.21974

0,005

-7,21

A_05_P423812
A_05_P324742
A_05_P347302
A_05_P409312
A_05_P338657
A_05_P340142
A_05_P378602
A_05_P249559

Ssa.22443
Ssa.21563
Ssa.26865
Ssa.52
Ssa.21082
Ssa.25341
Ssa.34478
Ssa.1045

Retinal rod rhodopsin-sensitive cGMP 3,5-cyclic phosphodiesterase
subunit delta (pde6d)
Protein phosphatase 1, regulatory (inhibitor) subunit 1b-like
(LOC100194587)
Carbohydrate sulfotransferase 2 (chst2)
E3 SUMO-protein ligase NSE2 (nse2)
CF190 protein (cf190)
72 kDa type IV collagenase (mmp2)
Serpin H1 (serph)
Homeobox protein EMX2 (emx2)
Spondin-2 (spon2)
Calcium polyvalent cation receptor 1 (LOC100136909)

0,002
0,004
0,001
0,003
0,009
0,002
0,003
0,004

-8,21
-8,72
-9,10
-9,70
-22,64
-31,25
-48,72
-116,60

Probe ID

Unigene

Gene name

A_05_P249459
A_05_P477777
A_05_P452382
A_05_P333067
A_05_P461448
A_05_P432467
A_05_P487007
A_05_P407077
A_05_P248851
A_05_P353692

Ssa.1080
Ssa.43410
Ssa.3646
Ssa.23773
Ssa.42030
Ssa.10719
Ssa.512
Ssa.33814
Ssa.75
Ssa.32724

A_05_P251509
A_05_P255964
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Genes significantly regulated in susceptible trout 72 hours post infection
Probe ID

Unigene

Gene name

A_05_P477777
A_05_P333067
A_05_P380772
A_05_P284827
A_05_P367897
A_05_P454417
A_05_P483957
A_05_P479367
A_05_P369012
A_05_P249379
A_05_P470962
A_05_P387762
A_05_P324742
A_05_P249954
A_05_P409312
A_05_P249269

Ssa.43410
Ssa.23773
Ssa.33040
Ssa.10681
Ssa.31757
Ssa.41075
Ssa.423
Ssa.41543
Ssa.32034
Ssa.23670
Ssa.21243
Ssa.25341
Ssa.21563
Ssa.52
Ssa.52
Ssa.5309

A_05_P252424
A_05_P249629
A_05_P403597
A_05_P302617
A_05_P425482
A_05_P327342

Ssa.922
Ssa.1214
Ssa.3890
Ssa.15562
Ssa.876
Ssa.18147

A_05_P275029
A_05_P340142
A_05_P378602
A_05_P249514

Ssa.7816
Ssa.25341
Ssa.34478
Ssa.1216

Interleukin-1 receptor type II (il1r2)
Angiotensinogen (angt)
ATP-binding cassette, sub-family B (MDR/TAP), member 3 (abcb3)
Ectonucleoside triphosphate diphosphohydrolase 2 (enp2)
Myosin-Ie (myo1e)
Hypothetical protein LOC100194694 (LOC100194694)
Beta globin (LOC100136576)
V-akt murine thymoma viral oncogene 2 like (akt2)
CCAAT/enhancer-binding protein alpha (cebpa)
hypothetical protein LOC100136572 (hba)
Proteinase-activated receptor 2 (par2)
Homeobox protein EMX2 (emx2)
E3 SUMO-protein ligase NSE2 (nse2)
72 kDa type IV collagenase (mmp2)
72 kDa type IV collagenase (mmp2)
Transferrin
(trf)
3-oxo-5-alpha-steroid 4-dehydrogenase 2 (s5a2)
Growth hormone receptor isoform 1 precursor (ghr1)
Stromal cell-derived factor 1 precursor putative mRNA
DNA-binding protein inhibitor ID-2 (id2)
Heat shock protein beta-7 putative mRNA
CEF-10
(cef10)
Plasma retinol-binding protein 1 (retb1)
Homeobox protein EMX2 (emx2)
Spondin-2 (spon2)
Matrix Gla protein (LOC100136434)

pValue

FC

0,001
0,007
0,003
0,001
0,009
0,001
0,003
0,006
0,010
0,003
0,001
0,009
0,006
0,007
0,001
0,001

8,64
4,42
3,35
2,67
2,27
-2,15
-2,30
-2,92
-3,15
-3,15
-3,58
-5,44
-5,65
-5,78
-6,50
-6,67

0,002
0,008
0,006
0,002
0,004
0,002

-6,96
-12,74
-12,85
-13,76
-14,53
-14,53

0,005
0,001
0,004
0,009

-29,26
-32,97
-46,73
-83,04
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10.1.3

Resistant trout– antigenic stimulation
Genes significantly regulated in resistant trout 12 hours post stimulation

Probe ID

Unigene

Gene name

A_05_P362817
A_05_P327062
A_05_P353337
A_05_P249089
A_05_P446267
A_05_P316607
A_05_P306182
A_05_P413002
A_05_P416097
A_05_P394457
A_05_P248684
A_05_P249565
A_05_P450207
A_05_P269469
A_05_P389977
A_05_P417477
A_05_P428457
A_05_P270499
A_05_P481578
A_05_P375687
A_05_P255249
A_05_P248829
A_05_P374122
A_05_P252424
A_05_P248824
A_05_P428072
A_05_P253749
A_05_P414047
A_05_P475262
A_05_P423812
A_05_P372607
A_05_P323317
A_05_P470962
A_05_P388617
A_05_P420122
A_05_P354837
A_05_P439417
A_05_P417797
A_05_P378107

Ssa.30551
Ssa.22113
Ssa.28195
Ssa.23487
Ssa.43020
Ssa.13809
Ssa.43020
Ssa.41264
Ssa.13809
Ssa.1378
Ssa.459
Ssa.41460
Ssa.23482
Ssa.6245
Ssa.43766
Ssa.33040
Ssa.13275
Ssa.6553
Ssa.22216
Ssa.8175
Ssa.1929
Ssa.23482
Ssa.4183
Ssa.922
Ssa.7522
Ssa.13133
Ssa.1392
Ssa.10060
Ssa.21563
Ssa.22443
Ssa.32905
Ssa.12756
Ssa.21243
Ssa.37131
Ssa.31702
Ssa.28543
Ssa.12756
Ssa.14120
Ssa.31007

Interleukin-10 (IL-10) mRNA
Collagenase 3 (mmp13)
Interleukin-13 receptor alpha-2 chain (i13r2)
Toll-like leucine-rich repeat (tl/lrr)
P3 protein (p3)
B-cell lymphoma 6 protein homolog (bcl6)
P3 protein (p3)
Transcriptional regulator Erg (erg)
B-cell lymphoma 6 protein homolog (bcl6)
Myeloid differentiation factor 88 (myd88)
Myxovirus resistance 1 (mx1)
Mx3 protein (LOC100136587)
CD9 protein (LOC100136380)
Src kinase-associated phosphoprotein 2 (skap2)
Vacuolar proton translocating ATPase 116 kDa subunit a (vpp3)
ATP-binding cassette, sub-family B (MDR/TAP), member 3 (abcb3)
Mothers against decapentaplegic homolog 5 (smad5)
Caspase-3 (casp3)
Lysosomal-associated transmembrane protein 4A (lap4a)
Ubiquitin-conjugating enzyme E2 A (ube2a)
Interferon-induced 35 kDa protein homolog (in35)
CD9 protein (LOC100136380)
Microtubule-associated protein 1 light chain 3 alpha (map1lc3a)
3-oxo-5-alpha-steroid 4-dehydrogenase 2 (s5a2)
CD3gammadelta-B (LOC100137057)
Double-strand break repair protein MRE11A (mre11)
BCCIP homolog (bccip)
BRCA1/BRCA2-containing complex subunit 3 (brcc3)
E3 SUMO-protein ligase NSE2 (nse2)
Carbohydrate sulfotransferase 2 (chst2)
Dual specificity protein phosphatase 18 (dus18)
Protein-lysine 6-oxidase (lyox)
Proteinase-activated receptor 2 (par2)
C-C motif chemokine 25 (ccl25)
Voltage-dependent anion channel 3 (vdac3)
CD276 antigen (cd276)
Protein-lysine 6-oxidase (lyox)
N-acetyltransferase ESCO1 (esco1)
Glycogen phosphorylase (pygma)
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pValue

FC

0,000
0,001
0,001
0,000
0,000
0,007
0,003
0,005
0,002
0,007
0,005
0,003
0,008
0,001
0,001
0,000
0,001
0,002
0,002
0,010
0,002
0,001
0,001
0,007
0,008
0,000
0,002
0,003
0,004
0,006
0,000
0,003
0,006
0,007
0,001
0,008
0,000
0,005
0,010

13,7
12,4
11,6
9,7
8,6
8,4
7,6
7,6
5,3
4,9
4,9
4,8
4,3
3,8
3,4
2,9
2,9
2,8
2,6
2,3
2,2
2,1
2,1
-2,0
-2,0
-2,1
-2,3
-2,5
-2,5
-2,6
-3,0
-3,0
-3,9
-4,3
-4,3
-4,6
-5,5
-6,9
-14,4
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Genes significantly regulated in resistant trout 72 hours post stimulation
Probe ID

Unigene

Gene name

A_05_P372697
A_05_P417417
A_05_P331372
A_05_P248829
A_05_P249565
A_05_P321452
A_05_P332812
A_05_P439417
A_05_P430522
A_05_P323317
A_05_P388617
A_05_P292712
A_05_P339307
A_05_P423297
A_05_P417797
A_05_P354837

Ssa.20133
Ssa.5003
Ssa.23281
Ssa.23482
Ssa.41460
Ssa.20643
Ssa.52
Ssa.12756
Ssa.423
Ssa.12756
Ssa.37131
Ssa.12756
Ssa.25169
Ssa.15851
Ssa.14120
Ssa.28543

Cbp/p300-interacting transactivator 2 (cite2)
Hypoxia-inducible factor 1 alpha (hif1a)
Calcitonin gene-related peptide (calca)
CD9 protein (LOC100136380)
Mx3 protein (LOC100136587)
Type-1 angiotensin II receptor-associated protein-like (atrap)
72 kDa type IV collagenase (mmp2)
Protein-lysine 6-oxidase (lyox)
Beta globin (LOC100136576)
Protein-lysine 6-oxidase (lyox)
C-C motif chemokine 25 (ccl25)
Protein-lysine 6-oxidase (lyox)
Extracellular superoxide dismutase (sode)
Prostaglandin G/H synthase 1 (pgh1)
N-acetyltransferase ESCO1 (esco1)
CD276 antigen (cd276)

pValue

FC

0,005
0,001
0,006
0,000
0,005
0,002
0,009
0,002
0,001
0,002
0,009
0,001
0,001
0,007
0,001
0,007

4,08
3,90
3,64
-2,38
-2,56
-2,79
-2,84
-3,64
-3,69
-3,71
-4,01
-4,14
-4,32
-5,58
-6,41
-26,68
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10.1.4

Resistant trout – infection

Selection of 20 highest and lowest regulated genes in resistant trout 12 hours post infection
pProbe ID
Unigene Gene name
FC
Value
A_05_P327062
A_05_P355297
A_05_P248889
A_05_P249089
A_05_P269789

Ssa.22113
Ssa.28640
Ssa.37730
Ssa.23487
Ssa.6335

Collagenase 3 (mmp13)
BAG family molecular chaperone regulator 3 (bag3)
Tumor necrosis factor alpha (LOC100136509),
Toll-like leucine-rich repeat (tl/lrr)
EST_ssal_eve_9547 ssaleve thyroid cDNA cDNA clone

0,000
0,007
0,007
0,001
0,009

39,41
35,24
25,50
18,77
17,20

A_05_P446267
A_05_P366767
A_05_P306182
A_05_P333067
A_05_P346642
A_05_P253504

Ssa.43020
Ssa.3646
Ssa.43020
Ssa.23773
Ssa.26718
Ssa.1281

0,000
0,006
0,001
0,003
0,004
0,007

14,70
14,02
13,76
12,06
11,62
11,55

A_05_P439177

Ssa.4947

0,005

10,06

A_05_P347712
A_05_P260975
A_05_P362817
A_05_P413002
A_05_P252914

Ssa.26953
Ssa.42030
Ssa.30551
Ssa.41264
Ssa.1082

P3 protein (p3)
Tumor necrosis factor, alpha-induced protein 2 (tnap2)
P3 protein (p3)
Angiotensinogen (angt)
Interleukin-17D (il17d)
Cyclooxygenase 2 (COX-2)
Apoptosis regulator Bcl-X
(bclx)
Signal transducer and activator of transcription 1 (stat1)
CD83 (cd83) mRNA
Interleukin-10 (IL-10) mRNA
Transcriptional regulator Erg (erg)
EST_ssal_rgb2_13937 rgb2 cDNA

0,005
0,005
0,001
0,002
0,001

9,71
8,88
8,44
8,35
7,99

A_05_P416097
A_05_P372697
A_05_P273749
A_05_P368037
A_05_P450207
A_05_P417797
A_05_P400412
A_05_P369912
A_05_P273419

Ssa.13809
Ssa.20133
Ssa.7418
Ssa.31791
Ssa.23482
Ssa.14120
Ssa.39673
Ssa.7822
Ssa.7329

0,001
0,001
0,002
0,008
0,002
0,000
0,008
0,006
0,003

7,25
6,93
6,67
-10,08
-10,41
-10,43
-10,91
-11,41
-11,56

A_05_P249774

Ssa.23579

0,007

-11,93

A_05_P248874
A_05_P474467

Ssa.10
Ssa.21974

0,008
0,002

-12,15
-13,35

A_05_P378107

Ssa.31007

0,004

-13,50

A_05_P255964
A_05_P248984
A_05_P308422
A_05_P489057
A_05_P366467
A_05_P425382
A_05_P430372
A_05_P292712
A_05_P378602
A_05_P312122

Ssa.2200
Ssa.30715
Ssa.14746
Ssa.6917
Ssa.23567
Ssa.15844
Ssa.2863
Ssa.12756
Ssa.34478
Ssa.18197

B-cell lymphoma 6 protein homolog (bcl6)
Cbp/p300-interacting transactivator 2 (cite2)
Pleiotrophic factor-alpha-1 (pta1)
Thymocyte nuclear protein 1 (thyn1)
CD9 protein (LOC100136380)
N-acetyltransferase ESCO1 (esco1)
Tumor necrosis factor ligand superfamily member 6 (tnfl6)
Ganglioside GM2 activator (sap3)
Mortality factor 4-like protein 1 putative mRNA
Rod-like opsin
(LOC100136369)
Peroxisome proliferator activated receptor gamma (pparg)
Protein phosphatase 1, regulatory (inhibitor) subunit 1b-like
(LOC100194587)
Glycogen phosphorylase
(pygma)
Thymidylate synthase (tysy)
CD3epsilon (LOC100136516)
Tumor protein D52 (tpd52)
RPA-interacting protein A (ripa)
Double-strand-break repair protein rad21 homolog (rad21)
Limb and neural patterns a-like (LOC100194569)
Complement C1q tumor necrosis factor-related protein 5 (c1qt5)
Protein-lysine 6-oxidase (lyox)
Spondin-2 (spon2)
Cell cycle checkpoint protein RAD1 (rad1)

0,005
0,004
0,000
0,000
0,000
0,001
0,007
0,000
0,005
0,005

-13,54
-13,56
-14,21
-15,33
-18,28
-18,67
-20,53
-26,07
-35,26
-35,32
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Genes significantly regulated in resistant trout 72 hours post infection
Probe ID

Unigene

Gene name

A_05_P327062
A_05_P362817
A_05_P413002
A_05_P353337
A_05_P306182
A_05_P389977
A_05_P450957
A_05_P369012
A_05_P414047
A_05_P252424
A_05_P409117
A_05_P456757
A_05_P310067
A_05_P338657
A_05_P258024
A_05_P249565
A_05_P248684
A_05_P249559
A_05_P323317
A_05_P439417
A_05_P275029
A_05_P292712
A_05_P378107
A_05_P249424

Ssa.22113
Ssa.30551
Ssa.41264
Ssa.28195
Ssa.43020
Ssa.43766
Ssa.5450
Ssa.32034
Ssa.10060
Ssa.922
Ssa.16054
Ssa.23368
Ssa.15410
Ssa.21082
Ssa.2863
Ssa.41460
Ssa.459
Ssa.1045
Ssa.12756
Ssa.12756
Ssa.7816
Ssa.12756
Ssa.31007
Ssa.423

Collagenase 3 (mmp13)
Interleukin-10 (IL-10) mRNA
Transcriptional regulator Erg (erg)
Interleukin-13 receptor alpha-2 chain (i13r2)
P3 protein (p3)
Vacuolar proton translocating ATPase 116 kDa subunit a (vpp3)
Angiopoietin-related protein 4 (angl4)
CCAAT/enhancer-binding protein alpha (cebpa)
BRCA1/BRCA2-containing complex subunit 3 (brcc3)
3-oxo-5-alpha-steroid 4-dehydrogenase 2 (s5a2)
Interleukin-20 receptor alpha chain (i20ra)
Homeobox protein Hox-B7a (hxb7a)
Snail homolog Sna (snai)
Serpin H1 (serph)
Complement C1q tumor necrosis factor-related protein 5 (c1qt5)
Mx3 protein (LOC100136587)
Myxovirus resistance 1 (mx1)
Calcium polyvalent cation receptor 1 (LOC100136909)
Protein-lysine 6-oxidase (lyox)
Protein-lysine 6-oxidase (lyox)
Plasma retinol-binding protein 1 (retb1)
Protein-lysine 6-oxidase (lyox)
Glycogen phosphorylase (pygma)
Beta globin (LOC100136576)

pValue

FC

0,000
0,005
0,006
0,002
0,004
0,003
0,002
0,000
0,003
0,002
0,009
0,005
0,002
0,009
0,007
0,001
0,003
0,003
0,001
0,000
0,010
0,009
0,007
0,008

19,56
12,32
7,31
6,92
6,80
3,05
2,78
2,19
-2,01
-2,54
-5,09
-5,38
-5,89
-6,06
-6,78
-7,70
-7,76
-8,22
-8,31
-14,68
-19,89
-20,71
-26,67
-28,19
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10.2 Tissue distribution and function of selected genes
Name

Expression

Function

CD3

Synonyms

T lymphocytes

CD4

T lymphocytes,
monocytes,
macrophages
Cytotoxic T cells

Associated with T cell receptor (TCR), necessary for
signal transduction
Co-receptor for MHC II molecules on APC

CD8

Cell surface molecules

CD9

CD31

PECAM-1

CD37
CD40L

CD154

CD83

CD209

ICAM3

CD226
CD276

B7-H3

TNFα
IL8

Cytokines and their receptors

IgM B cells and other
leukocytes
Activated CD4 T
lymphocytes
Activated DC, T cells, B
cell, macrophages,
neutrophils
Naive T cells, DC,
macrophages, B cells
Monocytes
T cells, NK and APC,

Activated leukocytes
CXCL8

Activated leukocytes

IL-1β

Activated leukocytes

IL-1RL

In low levels on all
cells, induced by LPS
stimulation
Neutrophils, B cells
and monocytes
Constitutively
expressed in all cells
Inducible expression in
monocytes and
macrophages
Th1 Tcell and NK cells

IL-R2
COX-1

Cyclooxygenase 1

COX-2

Cyclooxygenase 2

IFNγ
IL17D

IL18

IL10

TGFβ
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Hematopoietic cells,
innate-like B cells,
nerves, muscle
Leukocytes

Th17 T cells,
constitutively in
thymus, skin and
intestine
Lymphocytes,
macrophages and
Kupffer cells
Monocytes, regulatory
T cells and B cells, NK
cells, keratinocytes
and epithelial cells,
gills, head kidney
Variety of cells
including leukocytes

Co-receptor for MHC I molecules
Adhesion, cell migration and singal transduction,
downregulated after activation
Cell adhesion, mediate diapedesis and cell
recruitment, expression is lost once the cells reach
the site of inflammation
Downregulated after B cell activation, regulate T cell
dependent B cell responses
Interaction with CD40 on surface of APC
Upregulated after B cell stimulation with LPS or BCR
ligation
Essential for DC-induced proliferation of T cells
Transmigration of monocytes through endothelial
vessels
Costimulatory molecule, promote proliferation of T
cells, augment the release of pro-inflamatory
cytokines
Promote inflammation and endothelial activation
Pro-inflammatory activation of cells and endothelia,
increase of respiratory burst and phagocytosis
Pro-inflammatory activation of cells and endothelia
Mediate the known functions of IL-1β

Molecular trap inhibiting the activity of IL-1β
Regulate angiogenesis in endothelial cells, cell
signaling and maintain tissue homeostasis
Regulate production of prostaglandin during
inflammation
Regulate innate and cell mediated responses in
macrophages, T cells and NK cells
Pro-inflammatory cytokine interconnecting the
innate and adaptive arm of immunity on mucosal
surfaces
Pro-inflammatory cytokine, promote production of
IFNγ, enhance cytotoxicity of NK, stimulate Th1
reponse
Supressive effects on immune response, inhibit the
synthesis of cytokines, reactive oxygen and nitrogen,
support the Th2 reponse

Regulatory and anti-inflammatory actions on immune
system.

APPENDIX
Name

Synonyms

Expression

Function
Migration, proliferation and differentiation of
leukocytes, maturation of B lymphocytes
Ligand for CXCR5 receptor on B and activated CD4 T
lymphocytes

CCL25

Bone marrow, stomal
cell
Follicular stromal cells,
peritoneal
macrophages and
omentum, head kidney
and spleen
Monocytes,
macrophages,
lymphocytes, NK cell,
intestine, spleen, gills
Thymus, intestine, liver

Transferrin

Liver

Bind free iron, activate macrophages and support the
production of nitric oxide
Iron binding protein with antimicrobial activity
against bacteria and yeast, supress the toxicity of LPS
inflammation
Present in lysozomes and have potent antimicrobial
activity

CXCL12

Chemokines

CXCl13

BLC

CCL4

Hepcidin

LEAP-1

Antibacterial proteins

Cathelicidin

BPI

NCF1

NRAMP2

Bactericidal/
permeability increasing
protein
Neutrophil cytosolic
factor-1

Toll-like receptors and Mx
proteins
Matrix
mettaloproteinase

Neutrophils, head
kidney, spleen, gills

Liver, spleen, kidney
and intestine
Serum amyloid A

TLR5

Liver, immune relevant
organs, macrophages
Monocyte,
macrophages,
intestinal epithelium
Monocyte,
macrophages
Monocyte,
macrophages, B cells
Unknown

TLR8
TLR9
TLR13
Mx1 and Mx3

Neutrophils, mucosal
surfaces, inducible in
head kidney, gills
Neutrophils, head
kidney and liver

Natural resistanceassociated macrophage
protein

Angiotensinogen

SAA

Liver, upon activation
head kidney and gills

MMP2

Myxovirus resistance protein
Dendritic cells, B cells
and other leukocytes
Gelatinase A
Unknown

MMP9

Gelatinase B

MMP13

Collagenase 3

Activated monocytes
and macrophages, T
cells
Unknown

Control the duiration and intensity of inflammatory
response

Recruit the intestinal lymphocytes, attract activated
macrophages, dendritic cells and thymocytes

Bind the lipid A of LPS, neutralize its cytotoxicity,
inhibit the LPS-induced TNFα production in
monocytes
Cytosolic subunit of neutrophil NADPH oxidase which
is responsible for production of superoxide anion.
Macrophage activation, regulation of chemokine
secretion, activity of IL-1β and TNFα, production of
nitric oxid, oxidative burst and antimicrobial activity
Increase vascular permeability, leukocyte infiltration
and increase phagocytosis rate by peritoneal
leukocytes
Influence the cell adhesion, recruitment of myeloid
cells to site of inflammation
Sensing of flagelin

Sensing of single stranded RNA
Sensing of unmethylated CpG Oligodeoxynucleotides
Unknown
Antiviral activity by binding of essential viral
components and blocking their function
Degrading the extracellular matrix, cleave CCL7 and
contribute to the resolution of inflammation
Is involved in the migration trought the extracellular
matrix, resolution of inflammation and tissue repair
Diverse roles during the infection raging from the
degradation of bacterial cell wall throught
remodelling processes to tissue repair
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10.3 List of figures and tables
Figure 1: The exploitation of captured fish species in 1974 and 2008. While in 1974, the number of
overexploited species (in red) did not exceed 10%, during following years it increased to 32%.
An opposite trend has been observed for underexploited fish species (in green) which dropped
from 40 to 10 % in year 2008. Notably, the proportion of fully exploited species (in blue) did not
change during past decades. (Based on : The State of World Fisheries and Aquaculture - 2010
(SOFIA), (FAO - Fishery and Aquaculture Department, 2012)) .................................................... 1
Figure 2: World leading countries in the production of rainbow trout in 2010. As shown on the left graph,
more than one third of the production takes place in Europe. The other two thirds are divided
between Asia and America. On the right graph, major European producers are sorted according
to their contribution to the production. Here, Norway is the biggest producer, followed by Italy,
France and Denmark. Germany (marked in red) accounts with 21000 tonnes for 7% of European
production in the value of 6 million Euro. (FAO - Fishery and Aquaculture Department, 2012) 3
Figure 3: On the national level represents the rainbow trout more than 60 % of the german annual
aquaculture production and surpass other fish species such as common carp (Cyprinus carpio) or
Brown trout (Salmo trutta). (Based on : The State of World Fisheries and Aquaculture - 2010
(SOFIA), (1)) ................................................................................................................................. 4
Figure 4: Comparison of cumulative mortality between steelhead and born trout after the infection with A.
salmonicida. For the experiments, three bacterial doses were used ranging from 1.104 to 5.105
bacterial particles. As shown on the graph, resistant “born” trout exhibit significantly lower
mortality than susceptible “steelhead” ..................................................................................... 11
Figure 5: On graph a) the double staining of myeloid cells and thrombocytes is shown. Expression of the
myeloid marker on small population of thrombocytes might be related to immune functions of
thrombocytes and function of these cells remains to investigate. On dot plot b), the double
staining of myeloid cells with the T cells is depicted. Notably, the marker labelled on T cells is
also shared by myeloid cells (blue population). For this reason, in further analysis with anti-T
+
cells antibody, myeloid cells are excluded by gating. On graph c), the distribution of CD8α cells
in a population of T cells is shown. It can be seen, that the majority of T cells is CD8 α ,
+
presumably CD4. On dot plot d), the double staining of T cells with IgM population of B cells is
shown. ....................................................................................................................................... 21
Figure 6: Resident population of peritoneal leukocytes composes of two cell populations. The majority of
low
low
the cells (45 - 85 %) belongs to the lymphoid gate R1 (FSC-H , SSC-H ), while rest of the cells
(9 - 45 %) were bigger, with granulated surface and were therefore assigned as myeloid cells
high
high
(FSC-H ; SSC-H ) (a). Plots (b-e) demonstrate the cell composition of other immune relevant
organs. ....................................................................................................................................... 28
+

Figure 7: Resident population of peritoneal leukocytes: (a) the IgM B, (b) T cells (c) myeloid cells and (d)
thrombocytes. ........................................................................................................................... 29
Figure 8: Composition of peritoneal cavity differs from other lymphoid organs. On graphs, the Y axis stands
for cell percentage; lymphoid organs are listed on horizontal X axis. Graph a) shows comparable
+
number of IgM B cells, b) compares number of T cells, c) compares the number of
thrombocytes and last graph d) shows the comparison of myeloid cells. Finally, block e) shows
cellular composition of all major lymphoid organs. .................................................................. 30
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