JYVÄSKYLÄ STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE 142

Päivi Pylkkö
Atypical Aeromonas salmonicida -infection
as a Threat to Farming of Arctic Charr
(Salvelinus alpinus L.) and European
Grayling (Thymallus thymallus L.) and
Putative Means to Prevent the Infection

Esitetään Jyväskylän yliopiston matemaattis-luonnontieteellisen tiedekunnan suostumuksella
julkisesti tarkastettavaksi yliopiston Ambiotica-rakennuksen salissa (YAA303)
elokuun 6. päivänä 2004 kello 12.
Academic dissertation to be publicly discussed, by permission of
the the Faculty of Mathematics and Science of the University of Jyväskylä,
in the Building Ambiotica, Auditorium YAA303, on August 6, 2004 at 12 o'clock noon.

UNIVERSITY OF

JYVÄSKYLÄ

JYVÄSKYLÄ 2004

Atypical Aeromonas salmonicida -infection
as a Threat to Farming of Arctic Charr
(Salvelinus alpinus L.) and European
Grayling (Thymallus thymallus L.) and
Putative Means to Prevent the Infection

JYVÄSKYLÄ STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE 142

Päivi Pylkkö
Atypical Aeromonas salmonicida -infection
as a Threat to Farming of Arctic Charr
(Salvelinus alpinus L.) and European
Grayling (Thymallus thymallus L.) and
Putative Means to Prevent the Infection

UNIVERSITY OF

JYVÄSKYLÄ

JYVÄSKYLÄ 2004

Editors
Jukka Särkkä
Department of Biological and Environmental Science, University of Jyväskylä
Pekka Olsbo, Marja-Leena Tynkkynen
Publishing Unit, University Library of Jyväskylä

URN:ISBN 9513918424
ISBN 951-39-1842-4 (PDF)
ISBN 951-39-1821-1 (nid.)
ISSN 1456-9701
Copyright © 2004, by University of Jyväskylä

Jyväskylä University Printing House, Jyväskylä 2004

To Harri, Henri and Olga

ABSTRACT
Päivi Pylkkö
Atypical Aeromonas salmonicida -infection as a threat to farming of Arctic charr
(Salvelinus alpinus L.) and European grayling (Thymallus thymallus L.) and putative
means to prevent the infection
Jyväskylä: University of Jyväskylä, 2004, 46 p.
(Jyväskylä Studies in Biological and Environmental Science,
ISSN 1456-9701; 142)
ISBN 951-39-1842-4
This review summarizes the results of studies on atypical Aeromonas salmonicida (aAS) infection among farmed Arctic charr (Salvelinus alpinus) and European grayling
(Thymallus thymallus) (later referred as charr and grayling, respectively). Specifically, I
aimed to characterize the causative agent of aAS -infection, to describe putative
virulence factors of the bacteria and cross pathology of the infection in charr and
grayling. I also aimed to describe some of the immune defense functions in charr. I also
described a concomitant presence of a common fresh water fish parasite, Diplostomum
spathaceum, and aAS -bacteria in manifestation of the bacterial infection. The
experimental juvenile charr and grayling, originated from Vuoksi, Kymijoki and Inari
watercourses in Finland. Several (n=66) aAS isolates from 7 watercourses in Finland
and from the Baltic sea were characterized in the study. These were compared to 11
Swedish, 1 Icelandic aAS isolates, to 3 A. salmonicida subsp. salmonicida (ASS) isolates
and to ATCC 33659, a type strain for A. salmonicida subsp. achromogenes. Classical
biochemical analyzes and modern molecular tools (macrorestricted genome and
plasmid profiles) were utilized in characterizing. AAS was detected from fish tissue
(intestine, lens and heart) by a combination of bacterial cultivation and polymerase
chain reaction (PCR) techniques. Pathology of aAS infection in charr and grayling was
described both in natural outbreaks at fish farms and after experimental challenge. The
effects of oil-adjuvanted vaccine on the immune system and on the growth of charr at
different post vaccination (p.v.) temperatures was studied. Interactions between
bacteria and parasites were studied using grayling subjected to concomitant exposure
of aAS bacteria and D. spathaceum parasites. Genetically identical aAS isolates within
the Vuoksi and the Kymijoki watercourse were found, whereas genetic differences
between aAS isolates from various river basins were observed. A major virulence
factor in Vuoksi aAS -isolates need to be studied further. In charr and grayling aAS
caused systemic infection. Vaccination induced in charr a significant anti-aAS specific
antibody response and increased plasma lysozyme activity at all p.v. temperatures.
The vaccination had no ultimate negative effects on the growth of charr. AAS bacteria
was successfully detected from a heart tissue of grayling by the combination of
bacterial cultivation and PCR techniques. The detection level was 17 aAS cells per 100
mg sampled tissue. D. spathaceum enhanced bacterial infections in fish. Diplostomids
also caused serious eye ruptures in grayling.
Key words: Atypical Aeromonas salmonicida; Salvelinus alpinus; Thymallus
thymallus; Diplostomum spathaceum; pathology; characterization; virulence,
prevention; farming; PCR; PFGE
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INTRODUCTION
Endangered fish species
When Lake Saimaa in the The Vuoksi watercourse, in southeastern Finland,
was formed after the last glacial period some 10 000 years ago (Saarnisto et al.
1995, Saarnisto & Saarinen 2001), several salmonid species were isolated from
the sea. At present Arctic charr (Salvelinus alpinus L.), European grayling
(Thymallus thymallus L), landlocked salmon (Salmo salar m. sebago G.) and
landlocked trout (Salmo trutta m. lacustris L.) still occur in the area.
Charr is classified either as a critically endangered (in Lake Saimaa in the
Vuoksi watercourse) or threatened (in Inari) fish species in Finland
(International Union for Conservation of Nature and Natural Resources 2000,
IUCN). Grayling is also one of the near threatened fish species (IUCN 2000).
Spawning of charr and grayling in nature does not maintain the natural stocks,
which are either dependent on, or are supported by, stocking. Brood fish,
juveniles and eggs of grayling are conserved by government fish farms.
To preserve the genetic background, Finnish government policy advises
stocking fish that originate from the same water body where they are released.
Restocking of charr and grayling is carried out in four watercourses in Finland.
These are Vuoksi, draining eastwards via Lake Ladoga to the Gulf of Finland;
Kymijoki, draining southwards to the Gulf of Finland; Oulujoki, draining to the
northern Gulf of Bothnia, and Inari, draining to the Arctic Ocean.

Infectious diseases – a threat to stocking program and genetic
diversity
Cultivation of fish at high densities in fish farms attracts a variety of parasites,
most of which are protozoans or other ectoparasites (e.g. Rintamäki-Kinnunen
& Valtonen 1996, 1997; Hakalahti & Valtonen 2003). Some endoparasitic
trematode species such as larvae of Diplostomum spathaceum, migrating through
fish skin and tissues, can also cause outbreaks (e.g. Crowden & Broom 1980;
Lafferty & Morris 1996).
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While parasitic diseases are the most common cause of mortality in
northern fish farms, bacterial diseases are also prevalent (Rintamäki-Kinnunen
1997). In northern latitudes the open water period lasts 4 to 5 months. During
summer, lake water temperature increases from 4 to as high as 20ºC. At this
time bacterial and parasitic pathogens are concomitantly present at farms and
fishes are exposed to both pathogens.
The most common bacterial diseases creating problems at Nordic fish
farms are “typical” Aeromonas salmonicida (ASS), the causative agent of
furunculosis , several “atypical” A. salmonicida subspecies (Griffin et al 1953,
Rintamäki & Valtonen 1991), Listonella anguillarum (Pedersen et al. 1999),
Pseudomonas anguilliseptica (Rintamäki & Koski 1987, Wiklund & Lönnstrom
1994), Renibacter salmoninarum (Wiklund & Lönnstrom 1994), Flavobacterium
columnare (Koski et al. 1993), Flavobacterium psychrophilum (Wiklund et al. 1994)
and Yersinia ruckeri (Valtonen et. al 1992). At Finnish fish farms, charr and
grayling are most susceptible to atypical Aeromonas salmonicida -infection and
are annually affected by this disease.
Atypical Aeromonas salmonicida (aAS) has been isolated in several places in
Finland, most often however in the Vuoksi and Kymijoki watercourses and
mainly from diseased charr and grayling. Rintamäki & Valtonen (1991) have
isolated aAS from brown trout in the Kymijoki and Oulujoki watercourses. In
addition, aAS has occasionally been isolated from diseased wild fish such as
roach (Rutilus rutilus L.), vendace (Coregonus albula L.) and dace (Leuciscus
leuciscus L.) (National Veterinary and Food Research Institute, EELA, annual
statistics) and cyprinid fish and flounder in the Archipelago Sea of the Baltic
Sea (Wiklund et al. 1999).
In Iceland, aAS-infection is considered endemic in wild salmon
(Guðmundsdóttir 1997). In Sweden, aAS infection has been a severe threat to
the grayling stocking program (Carlstein 1996). Atypical A. salmonicida disease
has also been described from salmonids in Canada and Chile (Olivier 1990,
Bravo 2000). However, the pathogenesis of the disease has not been thoroughly
described.
Atypical AS outbreaks in charr and grayling stocks at Finnish fish farms
are usually followed by a high mortality rate, exceeding 60% (paper I).
Mortality of 30 % of the total salmon production has been estimated in Iceland
(Guðmundsdóttir 1997). Rintamäki & Valtonen (1991) reported mortality from
4% to 20% among grayling stocks at a northern Finnish farm. The disease affects
equally fish from fingerlings to brood fish. In addition, outbreaks are an annual
nuisance at the fish farms. Therefore, aAS disease is really a severe threat to
charr and grayling restocking programs and to the genetic diversity of these
vulnerable fish species. The aAS disease also causes considerable economic
losses to commercial farming of salmonid fishes.
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Detection and identification methods for pathogens
Isolation of bacteria on nutrient agar plates combined with biochemical
analyzes of utilization of sugars by bacteria have been commonly used in fish
disease diagnostics. However, a low number of viable bacteria, as is the case at
the beginning of the disease already creates a problem in this kind of
diagnostics. It has been shown that less than 1% of aquatic and terrestrial
bacteria can be isolated on agar plates (Jannasch & Jones 1959). The percentage
may be higher for fast-growing organisms such as fish pathogens, but may still
hamper the diagnosis.
Polymerase chain reaction (PCR) is reported to be a useful tool for the
identification of microbiological pathogens from fish (Hänninen & HirveläKoski (1997, 1999). Several PCR based methods are available. Species-specific
PCR has previously been used to detect A salmonicida from mixed cultures
(Høie et al. 1997, Austin et al 1998, O’hIci et al 2000). In addition, microbial
communities can be analyzed by PCR amplification of 16S ribosomal DNA
(rDNA) with universal bacterial primers to reveal the pathogen. This approach
can also be applied to fish diseases, such as flavobacterial diseases (Tiirola et. al.
2003).
Macrorestriction of genomic DNA (MRP) and plasmid profile analyzes
have been successfully applied to epidemiological studies of fish diseases
(Whittington et al. 1995, Sørum et al. 2000, Madetoja et al. 2001). These methods
have also greatly improved the characterization of Salmonella subtypes in
diagnostic use (Lukinmaa et al. 1999).

Putative virulence factors of A. salmonicida
The pathogenic mechanism of aAS infection in charr and grayling is
unresolved. Virulence factors of ASS have been intensively studied.
A cell surface A-layer and secreted extracellular products (ECP)
containing enzymatic and toxic activities, have been associated with the
pathogenicity of the bacterium. Two secreted toxins, a cytolytic toxin,
glycerophospholipid-cholesterol acyltransferase (GCAT), and a toxic 70 kDa
serine protease have been implicated as major factors in the pathogenesis of
furunculosis (Sheeran & Smith 1981; Lee & Ellis 1990; Ellis 1997). However, it
has been suggested that the exotoxic activities are different in typical and aAS
bacteria (Guðmundsdóttir et al. 1990, Guðmundsdóttir 1996, Austin et al.1998).
Guðmundsdóttir et al. (1990) and Guðmundsdóttir et al. (1995) have
characterized a toxic protease, from the ECP of the pigment producing aAS.
This protease, characterized as a metallocaseinase, AsaP1, has been suggested
to play an important role in the pathogenesis of the disease in Atlantic salmon
(Guðmundsdóttir 1996). Injection of the AsaP1 toxoid in Atlantic salmon
induced protection against aAS infection (Guðmundsdóttir & Magnadóttir
1997).

12
However, there are great differences in the activities of the ECP between
atypical isolates originating from different geographical locations and different
fish species (Guðmundsdóttir 1996; Gunnlaugsdóttir & Guðmundsdóttir 1997;
Austin et al. 1998) which apparently relate to the heterogeneity of aAS bacteria.
Furthermore, Austin et al. (1998) had earlier observed no caseinase production
and very poor gelatinase production by the aAS isolate originated from Finnish
grayling. Guðmundsdóttir et al. (2003) classified the analyzed Finnish strains as
non-toxic according to their exotoxin secretion. Braun et al. 2002 have
characterized an ADP-ribosyltransferase toxin (AexT) from ASS extra cellular
products. The AexT have been associated with the virulence of ASS via a type
III secretion pathway of Gram negative bacteria (Salmond & Reeves 1993,
Hueck 1998, Lee 1997) by translocation of the toxin directly from bacterial cell
into the target cell in a host (Braun et al. 2002, Burr et al. 2003).
Virulence factors of aAS isolates are indeed a complicated matter and not
yet thoroughly understood.

Means to prevent infections at fish farms
Pathogens usually have their virulence components located on their surface and
in the cell wall. Protection by the host is based on inactivation of such
components. In vertebrates, lysozyme is one of the enzymes in the first-line of
defense against invading pathogens (see e.g. Roitt 1994, Janeway et al. 1999).
The defense response is directed against the peptidoglycan layer, especially in
the cell wall of Gram-positive bacteria, that is suspected to be weakened by the
alternative pathway of the complement system before enzymatic (lysozyme)
attack (see e.g. Janeway et al. 1999). Activation of the complement system, the
classical pathway, is based on specific recognition of an invading pathogen
while activation of the alternative pathway needs no specific recognition (see
e.g. Roitt 1994, Janeway et al. 1999).
Antibody responses against ASS and aAS after vaccination have been
studied in Atlantic salmon (Salmo salar), brown trout (Salmo trutta L.), and
various Oncorhynchus species. (Thuvander et al. 1987, Guðmundsdóttir &
Magnadóttir 1997). Humoral antibodies and neutralization of bacterial toxins
are important protective mechanisms in fishes (Guðmundsdóttir & Magnadóttir
1997). The variety of virulence factors and mechanisms of aAS and typical
Aeromonas salmonicida (ASS) bacteria indicates that they possess many different
means to evade the immune system of fish (Garrote et al. 1992, Merino et al.
1994).
Vaccination against furunculosis and vibriosis (Listonella anguillarum) is a
well-established practice in fish farming. These vaccines have been successful in
protecting brown trout, (Salmo trutta m. lacustris L.), Atlantic salmon, and
rainbow trout, (Oncorhynchus mykiss W.) against the diseases (Thuvander et al.
1987, 1993, Midtlyng et al. 1996). Injection of the AsaP1 toxoid into Atlantic
salmon induced protection against infection (Guðmundsdóttir & Magnadóttir
1997). An autogenous oil-based vaccine against aAS (Iceland Bioject.OO,
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IBOO) has been developed and first used in Iceland (Gunnlaugsdóttir &
Gudmundsdóttir 1997). This autogenous aAS vaccine (later referred as IBOO)
gives good protection; twelve weeks after vaccination the relative percentage of
survival (RPS) value of challenged vaccinated Atlantic salmon was 100 and the
RPS among non vaccinated group was 60 (Guðmundsdóttir et al. 1997). It was
the first vaccine against aAS that was commercially available. However, the
IBOO vaccine has never been tested in Finland. At the time of this study was
the vaccine was not yet available. Arctic charr vaccinated with commercial,
monovalent or multivalent furunculosis vaccines, have died due to aAS
infection (P. Pylkkö unpubl.). This observation is supported by
Guðmundsdóttir & Guðmundsdóttir (1997) who reported better protection
against aAS infection with IBOO than commercial furunculosis vaccine.
Among salmonid fishes the Arctic charr is well adapted to cold waters
(Johnson 1980). Temperature is an important factor in immunological and
physiological processes in poikilothermic animals (Fry 1971). Intraperitoneal
(i.p.) vaccination with oil adjuvanted vaccines has been reported to result in
either enhanced (Buchmann et al. 1997) or reduced fish growth (Lillehaug 1991,
Lillehaug et al. 1992, Midtlyng 1997, Midtlyng & Lillehaug 1998). Knowledge
about the effects of oil-based vaccination on growth of Arctic charr is limited.
The optimum temperature for growth of farmed charr is from 13 to 14°C (Swift
1964, Jobling et al. 1993, Lyytikäinen 1998). Little is known about the immune
responses of charr and the effect of temperature on its immune system how the
immune system of charr reacts to increasing temperatures after vaccination is
also unknown. Atypical AS infection has been reported to occur typically at
water temperatures of 15°C in Finland, 8-10°C in Iceland or 11-17 °C in Chile
(Rintamäki & Valtonen 1991, Gunnlaugsdóttir B. & Gudmundsdóttir 1997,
Bravo 2000). Fish vaccinations in Finland generally take place either from
October to November and/or from February to April when the water
temperature ranges from 1 to 3°C. The temperature in which fish are cultured
after vaccination may influence the protection induced by vaccine.

OBJECTIVES
The questions asked in this study were connected to farming of Arctic charr
(Salvelinus alpinus) and European grayling (Thymallus thymallus) for supporting
their restocking of them into the Vuoksi watercourse. It was also the purpose to
increase generally applicable knowledge about preventing fish diseases at fish
farms. Healthy fish mean better quality of harvested fish and enhance
economically sustainable fish farming.
Specifically I aimed:
1. To characterize the causative agent of atypical Aeromonas salmonicida
(aAS) and to describe putative virulence factors and cross pathology of
the infection in Arctic charr and European grayling.
2. To describe some of the immune defense functions in Arctic charr in
order to gain knowledge for development of preventive means, such as
vaccination, against aAS infection.
3. To study the possible role of concomitant presence of a common fresh
water parasite and aAS bacteria in the onset of the aAS disease.

MATERIALS AND METHODS
Experimental fish and facilities
One year old fish, Arctic charr, Salvelinus alpinus (n=30), originating from Lake
Kuolimo stock (mean weight of 49.8 g ±4.81 g) and 53 European grayling,
Thymallus thymallus, fingerlings (0+) originating from Lake Puruvesi stock
(mean weight of 22.1 ± 8.5g) from a government fish farm at The Vuoksi
watercourse were challenged by atypical Aeromonas salmonicida (aAS) strain n:o
9 (Table 1). The fish were transferred for the challenge experiment to EELA,
Kuopio Department, experimental fish facilities. The facilities provided by 140 l
fibreglass tanks with flow trough lake water. The rearing density was adjusted
to 8 kg/m3 (I).
A group of 0+ European grayling, , originating from Lake Päijänne stock
(totally n=480, mean weight 52.9 g) were transferred from rearing to
experimental facilities at a government fish farm located at the Kymijoki
watercourse. The fish were exposed to aAS bacteria and Diplostomum
spathaceum parasite.
The taxonomy of the genus Diplostomum spp. is problematic and not yet
fully resolved (Valtonen & Gibson 1997). Fish in northern Finland carry two
species of Diplostomum in the lens (Valtonen & Gibson 1997) and the majority of
those resemble D. indistictum, referred to as D. spathaceum by Niewiadomska
(1986). The cercariae, that bend their body into 90° angle while swimming
which is typical of D. spathaceum, and were selected for the experiment (II).
However, it was recognized that other species might also be present.
The experimental fish were kept in 0.138 m3 fibreglass tanks at ambient
water temperature with a continuous flow of lake water. Dissolved oxygen in
the inflow remained at 8.3 mg/ml throughout the experiment. Fish density in
the tanks was adjusted to 15 kg/m3 (II).
A group of Arctic charr, (average weight = 25.2 g, SD= 7.6 g), originating
from Lake Inari stock, was vaccinated intraperitoneally (i.p.) at a water
temperature of 2.9°C with an experimental vaccine (0.2 ml/fish) prepared for
the study by Alpharma AS, Norway. Fish were reared at a government fish
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farm at the Kymijoki watercourse. The charr at the farm were individually
marked 25 days post vaccination with passive integrated transponder (PIT)
tags. Water temperature was 6°C at the time of tagging and during the
following 7 days the water temperature increased naturally to 10°C. Water
temperature was then adjusted to, 10.3, 14.1 and 18.1°C to meet the
experimental design. Fish were held in two 4m2 tanks with continuous flow of
lake water and received commercial feed (III, V).
The lethal effect of ECP on fish was studied by challenge tests with charr
fingerlings (mean weight 37 g) from Lake Kuolimo stock from the government
fish farm at the Vuoksi watercourse. The fish were transferred for the challenge
experiment to EELA, Kuopio Department, experimental fish facilities. The
water temperature during the experiments was 13 ± 1°C (IV).
Dissolved oxygen in the inflow remained at 7.5 to 8.5 mg/l in all the
experiments if not specifically stated otherwise. The fish were handled for
blood samples, tagging, vaccination and in i.p. challenge experiments under
tricaine sulphonate (MS-222, 0.15 g/l) anaesthetic. Depending on the
experimental design, anaesthetized fish were killed by a blow on the head.
All the in vivo experiments were carried out by authorized personnel in
accordance with Finnish national legislation concerning the protection of live
animals used for experimental and other scientific purposes. Each in vivo
experiment was authorized by a license granted by the responsible authority.

In vivo experiments using bacteria and parasites
Bacterial challenge strains and parasitic pathogens. Atypical strains were originally
isolated at the National Veterinary and Food Research Institute, Kuopio
Research unit, EELA, Finland from diseased grayling (see Table 1).
The bath challenge method was used when introducing live pathogen into
the host. This is supposed to mimic as naturally as possible the route of
pathogens to induce infections. The bath challenge method was used in papers
I, II and also when efficacy of experimental aAS vaccine was tested (P. Pylkkö
unpubl.). A high dose (107 cfu/ml) was utilized when severe signs of infection
and in efficacy tests of experimental aAS vaccines were studied (I, P. Pylkkö
unpubl.). An intermediate dose (105 cfu/ml) was utilized when the interaction
of the bacteria and the parasite was studied and a highly lethal bacterial
exposure was to be avoided (II). The parasite dose of D. spataceum was 150
cercariae per fish (II).
The intraperitoneal (i.p) challenge method was used when lethality of ECP
produced by aAS strains in fish was studied (IV). Fish were injected i.p. with
100 µl of ECP. Control fish were injected with 100 µl of sterile 0.9% NaCl.
Positive control fish were injected with the ECP from strain 265-87 (Table 1).
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Detection and characterization of bacteria
Bacterial culture from tissue samples (eye, intestine or heart) or pure bacterial
cultures on nutrient agar were needed for further studies (I, II, IV). Aliquots of
serial 10-fold dilutions of the samples or pure aAS bacterial cultures were
streaked on TS, TS supplemented 5% bovine blood or brain heart infusion (BHI)
agar. The bacterial density on a plate was expressed as colony forming unit
(CFU) (II).
Biochemical characterization of the isolates was made according to the
methods described by Hirvelä-Koski et al.(1994) and Hänninen & Hirvelä-Koski
(1997). Pigment production of the isolates was analyzed after incubation for 7
days on L-tyrosine-containing furunculosis agar at 15°C (Hirvelä-Koski, Koski
& Niiranen 1994). (I, II, IV)
Cross pathology. Fish were dissected and sampled for histopathological
examination. Samples from skin, muscle, intestine, kidney, spleen, liver and
heart were fixed in phosphate buffered 4 % formaldehyde and subsequently
embedded in paraffin (I). Embedded 5 µm sections were stained with
haematoxylin-eosine (H&E) and Gram stain, as routinely used in veterinary
diagnostics (I).
Macrorestricted genome (MRP) analyses by pulsed field electrophoresis (PFGE)
was used for more precise grouping of aAS bacteria since the method usage has
added more information to diagnosis of Salmonella subtypes in mammalian
diseases (Lukinmaa et al. 1999). This method has also been suggested for the
atypical Aeromonas salmonicida grouping (Hänninen & Hirvelä-Koski 1999).
Bacterial cells were lysed in order to extract the genomic DNA for analyses.
DNA was digested with restriction enzymes SpeI or XbaI or NotI, SfiI and SmaI
(New England Biolabs). The digested genome was treated by electrophoresis in
Bio-Rad CHEF DRIII apparatus with linear pulse ramp from 2.5 to 25 s for SpeI
and 1-16 s for XbaI angle 120° and voltage 6 V/cm. (I)
Plasmid profiles. Plasmid DNA was isolated in paper I. Plasmids were
visualized in a 0.9 % agarose gel (SeaKem LE, BMA) after horizontal
electrophoresis at 4.5 V/cm. Plasmids from E. coli isolates V517 and 39R861
served as molecular weight markers (Macrina et al. 1978, Threlfall 1986) (I).

Isolation and characterization of bacterial products
Extra cellular products (ECP) of the isolates were produced by the cellophane
overlay method as described by Liu 1957 (IV). ECP of aAS isolates and from
reference strains were used for more detailed analysis by substrate sodium
dodecyl-sulphate polyacrylamide gel electrophoresis, SDS-PAGE, (IV), in vitro
cell toxicity test (IV) and challenge experiments in vivo (IV).
Assays used for detection of proteolytic, haemolytic and cytotoxic activities in
ECP. Proteolytic activities of the ECP were studied by gelatinase, caseinase and
phospholipase assays and by substrate SDS-PAGE (IV). The gelatinase activity
was detected by the radial diffusion method using agar plates supplemented
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with 3% gelatine (Difco) as described by Hastings & Ellis (1985) (IV). Caseinase
activity was determined as an increase in absorbance using azocasein (Sigma,
A-2765) as a substrate (Guðmundsdóttir 1996) (IV). Phospholipase activity was
determined by the radial diffusion method on agar plates, supplemented with
1% Lα -lecithin (Sigma) (Guðmundsdóttir et al. 1990) (IV). The molecular
weights of native proteases present in the ECP were analysed by substrate SDSPAGE modified from the method of Heussen & Dowdle (1980). Gelatine or
casein were used as substrates in SDS-PAGE for proteolytic activitites (IV). The
gels were stained with Coomassie brilliant blue (CBB) R-250 and destained until
the clear bands were visible (IV). Molecular weights of the proteases were
estimated as in SDS-PAGE. Haemolytic activity was determined using red blood
cells (RBC) from rainbow trout as target cells (Hastings & Ellis 1985) (IV). The
cytotoxic activity of ECP from selected isolates was tested using two cultured cell
lines, Chinook salmon embryo (CHSE) and Epithelioma papillosum cyprini
(EPC). The reaction systems were incubated with ECP of aAS isolates at 15°C
and cells were examined after 2, 20 and 40 h (IV).
Whole cell lysates of the bacteria were prepared as described by Hitchcock &
Brown (1983), but without proteinase K treatment and used in SDS-PAGE and
Western blotting analyzes (IV).
SDS-PAGE was carried out as described by Laemmli (1970) (IV. P. Pylkkö
unpubl.). The samples were boiled (100°C, 10 min) in sample buffer. The
protein bands were visualized by CBB G-250 staining (Sambrook et al. 1989) or
were transferred onto nitrocellulose membrane for Western blotting (IV,
P.Pylkkö unpubl.). The molecular weight of the purified A-layer protein of AAS
has been indicated to be 48.1 kDa (Maurice et al. 1999). A pre-stained marker
from 6.8 to 205 kDa (BioRad) was used for estimation of the molecular weight
of the proteins (IV).
Autoagglutination and binding of Coomassie brilliant blue The A-layer protein
has been observed to be the most abundant cell surface protein in strongly
autoagglutinating A. salmonicida (Evenberg et al. 1985). Thus, the capability of
the isolates to bind (CBB) dye was tested on tryptone soy agar (Oxoid, CM 131)
as described by Evenberg et al. (1985) (IV).
Western blotting. Cell lysates obtained by electrophoresis were transferred
onto nitrocellulose membrane (Sambrook et al. 1989). The blots were incubated
either with plasma from fish or anti-A-layer mouse monoclonal antibody 182
(kindly provided by C. Syvertsen, ALPHARMA Ltd.) For the enzymatic
detection of bound antibodies, the membranes were incubated with alkaline
phosphatase conjugated anti-mouse Ig antibody (A-2179 Sigma). The
membranes were treated with the substrate buffer containing BCIP (5-bromo-4chloro-3-indonyl phosphate p-toluidine salt) and NBT (nitroblue tetrazolium
chloride) (IV, P. Pylkkö unpubl.).
Polymerase chain reaction (PCR) was used to detect virulence factor genes
in the genome of aAS strains, including the gene satA for glyserophospholipid:
cholesterol acyltransferase (GCAT), the gene aspA for 70 kDa serine protease
and the gene for vapA, coding for an additional outer layer (A-layer) in bacteria
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(IV). Species-specific PCR was used in paper II for detecting aAS from the DNA
extractions from eye, heart and gut tissue. Universal PCR combined with
Length Heterogeneity analysis of PCR products (LH-PCR), were performed
from heart samples for microbial diversity analysis in paper II. The PCR
products were run in 6% denaturating polyacrylamide sequencing gel in a LiCor DNA 4200 automated sequencer. The data received from the run was
analysed with Quantity One 4.1.0. Software (Bio-Rad Laboratories, CA) based
on length standards generated from LH-PCR-product of Sphingomonas
subarcticum (470bp), Yersinia ruckeri (527 bp ) and Lactococcus casei (553 bp).

Measurements of immune defense function
Methods for measuring immune defense functions in fish are widely utilized
and described. However, in most cases they have been developed for species
such as rainbow trout (Onchorhyncus mykiss L.), cod (Gadus morphua L.) or other
economically important fish species. The main problem was to find antibodies
that are able to recognize charr IgM molecules. Therefore, anti-charr-IgM-rabbit
polyclonal antibodies were produced for the study by the Department of
Applied Zoology and Veterinary Medicine, University of Kuopio, Finland. In
addition, I produced anti-sheep red blood-cells -charr for measuring the activity
of the complement system activation via the classical pathway. (III)
Plasma samples Blood was drawn from the dorsal vein into a heparinized
syringe and immediately centrifuged. Plasma was then divided to aliquots and
immediately frozen in liquid nitrogen. The samples were later stored at –80 °C. (III)
The specific antibody response The specific response towards atypical
Aeromonas salmonicida was analyzed by double-sandwich, enzyme-linked,
immunosorbent assay (ds-ELISA) as described by Thuvander et al. (1987) and
Magnadóttir & Guðmundsdóttir (1992) but the microtitre-plate wells were
precoated with poly-L-lysine (Graves 1988). Precoated microplates were then
coated with 10-5 cfu ml-1 of sonicated aAS-cells (Sorensen & Brodbeck 1986,
Kuen et al. 1993).
Anti-charr IgM-rabbit polyclonal antibodies were produced, since antibodies
against Atlantic salmon (Salmo salar) produced for the present work by
Alpharma
and commercially available rainbow trout immunoglobulins
(SIGMA) did not cross-react with charr immunoglobulin. The secondary
antibody was anti-rabbit IgG peroxidase conjugate (SIGMA, A-9169).
Lysozyme activity in plasma was determined by a turbidometric assay as
described by Parry et al. (1965). Micrococcus lysodeikticus lyophilised cells were
used as targets for the lysozyme enzyme. The decline in absorbance at 550 nm
was measured over 5 min at 1 min intervals immediately after addition of the
bacterial suspension (Multiskan® MCC/340, Labsystems Inc., Finland). One
unit of lysozyme activity was expressed as the amount of lysozyme that caused
a decrease in absorbance of 0.001 min-1 (Lie et al. 1989).
Activity of the complement system via the classical pathway was measured
using sensitized sheep’s red blood-cells (SRBC) as a substrate (Reid & Porter
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1981, Joiner et al. 1984, Yano 1992). Antibodies were produced by immunizing
charr by injecting SRBC intarperitoneally. Haemolysis caused by the classical
pathway of the complement system was expressed as the percentage of
hemolysis, and was calculated as the ratio of observed absorbance of lysed
SRBC and the absorbance of buffer at 540 nm multiplied by 100.
Activity of the complement system via the alternative pathway was studied by
direct haemolysis of rabbit red blood cells (RaRBC) as described by Yano (1992).
Absorbance was read at 414 nm, and the percentage of haemolysis caused by
the alternative pathway of the complement system was calculated as (Abs414nm
Obs/Abs414nm buffer) x 100.
Total plasma protein concentration was measured by Bradford method
(Bradford 1976) using a Bio-Rad protein assay, Bio-Rad Laboratories Ltd with
bovine serum albumin as a standard (III, IV).

Vaccination experiments
Intraperitoneal (i.p.) vaccination followed the procedure described by
manufacturer AlPharma AS, Norway (III, V). The vaccine included
metabolizable oil-adjuvanted, bivalent vaccine (0.2 ml/fish) containing,
formalin (1% solution) killed aAS (3x109 cells/ml) and ASS (6x109 cells/ml)
whole cell bacteria prepared for the study by Alpharma AS, Norway. The same
vaccine was used in papers III and V.

Statistical analyses
Fisher's Exact Test and Kruskall-Wallis test were used to determine the
statistical significance of concomitant exposure of parasite and bacteria (II). The
tests were performed by SPSS for Windows version 9.0 (SPSS Inc, Chicago, IL,
USA) (II).
The data in paper III, except the aAS-specific antibody level and the total
plasma protein concentration, were not normally distributed. Full factorial 3way analysis of variance was performed from rank-transformed data to analyze
the effects of temperature, vaccination and sampling time (Conover & Iman
1981). A statistically significant difference was considered to exist if p <0.05.
In paper V the influence of vaccination on specific growth rate was tested
according to a nested-factorial design (Montgomery 1997). In the model, the
effect of temperature was nested within tanks and vaccination was a factorial
factor (Montgomery 1997). Within a temperature treatment group, the influence
of vaccination was tested by simple contrasts (SYSTAT, 1997).

RESULTS AND DISCUSSIONS
Characterization and virulence factors of atypical Aeromonas
salmonicida
Heterogeneity is a typical feature of Aeromonas salmonicida bacteria (Rintamäki
& Valtonen 1991, Rockey et al. 1991, Whitby et al. 1992, Hellberg et al. 1996,
Hänninen & Hirvelä-Koski 1997, Austin et al. 1998, O'hIci et al. 2000). The
current taxonomy of Aeromonas salmonicida includes five subspecies – A.
salmonicida subspecies salmonicida (ASS), subsp. achromogenes (aAS), subsp.
smithia, subsp. masoucida (Popoff 1984) and subsp. pectinolytica (Pavan 2000).
Heterogeneity creates problems in characterization, in understanding putative
virulence factors, in reliable and rapid isolation methods during disease
outbreaks and in diagnostics based on antigen-antibody complex (among others
Adams & Thompson 1990, Olivier 1990, Lund et al. 1991, Rockey et al. 1991,
Hellberg et al. 1996, Høie et al. 1997, Austin et al. 1998, O'hIci et al. 2000,
Guðmundsdóttir et al. 2003). These problems also concern Finnish aAS isolates
(IV, Rintamäki &Valtonen 1991, Hirvelä-Koski et al. 1994, Hänninen & HirveläKoski 1997). Bearing in mind the heterogeneity of aAS isolates, I focused my
attention on characterization and on analyzing the virulence factors of the
causative agent of aAS infection among charr and grayling in the the Vuoksi
and the Kymijoki watercourses.
Hirvelä-Koski et al. (1994) concluded that aAS isolates are difficult to
classify based on biochemical analyzes. Thus, pigment production, tested under
stringent conditions (at 15°C for 7 days on furunculose agar) has been
suggested to be the most suitable phenotyping character for differentiating the
major pigment and non-pigment groups producing of aAS (Hänninen &
Hirvelä-Koski 1997). However, pigment production of aAS is not generally
accepted as a major character for grouping aAS isolates (Popoff 1984). In the
present study various methods from classical biochemical analyzes of aAS (I, II,
III, IV) to modern molecular tools (I, II, IV) as well as the pigment production (I,
II, IV) were utilized for characterization, for grouping and on analyzing aAS
isolates.
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The causative agent of aAS infection in the Vuoksi watercourse analyzed
according to biochemical characteristics as well as to features of its genome (I).
The examined Vuoksi isolates originated from diseased charr and grayling
(n=21) and from wild fish (n=7). These were compared to 33 aAS isolates from
other Finnish and Swedish watercourses, one Icelandic aAS isolate, and also to
3 ASS isolates and the American type culture collection (ATCC) 33659 -type
strain (Table 1, I, IV). Pigment production of altogether 66 A. salmonicida isolates
at 15°C for 7 days on furunculose agar was reported in papers I and IV. It was
observed that the Vuoksi watercourse aAS isolates from farmed or from wild
fish, were oxidase positive and non-pigment producing throughout the study
period from 1988 to 1995 (I, IV). Hänninen & Hirvelä-Koski (1997) described
ribopatterns and plasmid profiles of oxidase-positive aAS isolates by cluster
analyzes. However, the putative connection between lack of pigment
production and virulence of the bacteria is not understood nor studied in the
present paper.
MPR genome analyzes were suggested by Hänninen & Hirvelä-Koski
(1997) and Sørum et al. (2000) to be applicable in epidemiological studies.
Atypical AS isolates in the Vuoksi watercourse present a one MPR genome
fragment type (restricted by SpeI endonuclease) (I). In addition, one type of
plasmid profile, typically with three plasmids (147kb, 42kb and 23kb) was also
found (I). The MPR and the plasmid profiles of aAS isolates from the Vuoksi
watercourse differ from other Finnish watercourses isolates (I). The profiles
were also different from those of reference strains (ATCC 33659, Baltic sea,
Icelandic) (I).
The MPR profiles of aAS isolates from goldfish (Carasius auratus), silver
perch (Bidyanus bidyanus) and greenback flounder (Rhombosolea tapirina)
indicated, that aAS isolates were more connected to the fish farm than to the
fish species (Whittington et al. 1995). Similarly, the aAS isolates from the Vuoksi
and Kymijoki watercourses were connected to the watercourse not to the fish
species (I). However, Hänninen & Hirvelä-Koski (1999) reported a
distinguishable MPR genomic group of aAS isolates associated with diseased
charr and grayling in Finland.
Sørum et al. (2000) found different plasmid profiles within one fish
species. This is not in an agreement with the plasmid profiles found in this
work, because those found among Vuoksi and Kymijoki isolates did not differ
between charr and grayling (I). Sørum et al. (2000) offered two explanations for
epidemiological information based on plasmid profiles of aAS. They suggested
that each plasmid group represents an aAS clone spread from one farm to
another by fish transfer or through water. They also considered the possibility
that the same bacterial clone inhabits different geographical areas and act as an
opportunistic pathogen at fish farms. Virulent clones have been described also
among other opportunistic fish pathogens such as waterborne fungi, Saprolegnia
sp. (Bangyeekhun et al. 2003).
The results in paper I indicate that the Vuoksi and Kymijoki watercourses
each have one aAS clone present. However, more isolates need to be studied
before a firm conclusion about virulent aAS clone can be drawn. The same
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applies to MPR and/or plasmid profiles before they can be accepted as tools for
epidemiological studies.
Bacterial pathogens secrete extracellular products (ECP) containing
enzymatic and toxic activities or have other virulence components located on
the cell surface (A-layer) and in the cell wall (see e.g. Janeway et al. 1999). The
virulence factors of ASS have been intensively studied. A cell surface A-layer
and two secreted toxins, a cytolytic toxin, glycerophospholipid-cholesterol
acyltransferase (GCAT) and a toxic 70 kDa serine protease, have been
implicated as major factors in the pathogenesis of furunculosis (Sheeran &
Smith 1981, Lee & Ellis 1990, Ellis 1997, Garduno et al. 2000). A toxic 70 kDa
serine protease is an expression of the aspA gene. However, it has been
suggested that the exotoxic activities are different in ASS and aAS
(Guðmundsdóttir et al. 1990, Guðmundsdóttir 1996, Austin et al.1998,
Guðmundsdóttir et al. 2003).
Guðmundsdóttir et al. (1990), Guðmundsdóttir (1996), Guðmundsdóttir &
Magnadóttir (1997) and Gunnlaugsdóttir & Guðmundsdóttir (1997) have
characterized a toxic protease from the ECP of an aAS isolate which is grouped
with the type strain (ATCC 33659) (IV). This protease, characterized as a
metallocaseinase, AsaP1, has been suggested to play an important role in the
pathogenesis of the aAS infection in Atlantic salmon (Guðmundsdóttir 1996).
The characters of ECP differ between aAS isolates originating from different
geographical locations and different fish species (Guðmundsdóttir 1996, Austin
et al. 1998). This feature is apparently related to the heterogeneity of these
bacteria. ECP produced by the non-pigment producing aAS isolates from the
Vuoksi watercourse did not show gelatinolytic, caseinolytic and/or haemolytic
activities (IV). The ECP showed low cytotoxic activity against cultured cells and
did not induce mortality in challenge experiments with charr (IV). The results
in paper IV indicate that toxic components like ECP secreted by aAS bacterium
may not be the major virulence factor in aAS-infection in charr and grayling in
the Vuoksi watercourse. However, it also has to be considered that the low
cytotoxic activity may be a result of the ECP isolation method at room
temperature (20 to 22°C) as was done in paper IV (Stuber et al. 2003). Stuber et
al. (2003) suggested A. salmonicida to be unable to secrete AexT toxin when
grown at temperatures between 22 to 28°C. The AexT have been associated
with the virulence of ASS via a type III secretion pathway of Gram negative
bacteria by translocation of the toxin directly from bacterial cell into the target
cell in a host (Braun et al. 2002, Burr et al. 2003).
In vertebrates, serine proteases perform important functions in blood
clotting and the complement system (see Janeway et al. 1999). Interestingly,
none of the Vuoksi aAS isolates had the aspA gene whereas all the Kymijoki
aAS isolates had the gene (I, IV). The aAS outbreaks occur annually among
charr and grayling in both the Vuoksi and the Kymijoki watercourses (I, Pylkkö
et al. 1993). These issues indicate only a minor role for 70 kDa serine protease
among aAS virulence factors. In addition to virulence studies the presence of
the aspA gene has been suggested by Whitby et al. (1992) to be a criterion for
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grouping ASS and aAS isolates. This would be an acceptable and useful tool
among Vuoksi and Kymijoki aAS isolates (I, IV).
The A-layer as an important virulence factor is not universally accepted
(Olivier 1990, Wiklund et al. 1994). Non-virulent A-layer positive aAS isolates
have been reported by Olivier (1990) and Wiklund et al. (1994). The bacterial Alayer is expressed by the vapA gene. The A-layer is connected to virulent ASS
and aAS (among others Evenberg et al. 1988, Austin & Austin 1993). The
examined Finnish aAS isolates possess a vapA gene and express the A-layer
(IV). However, when the Vuoksi aAS isolates from diseased grayling, charr and
roach (Rutilus rutilus) were used to challenge charr and grayling, mortality
among them was induced only by one aAS isolate originating from diseased
grayling (P. Pylkkö unpubl.). Therefore, the results in the present paper do not
support the role of the A-layer as a virulence factor. The A-layer might have
other features that can be utilized in evoking the immune system of a fish host
when new vaccines against aAS are developed (see later).

Atypical Aeromonas salmonicida -infection in charr and grayling
Atypical Aeromonas salmonicida bacteria is able to infect a variety of wild and
cultured fish species, the symptoms varying from mild ulcerative disease to
more severe systemic infection (Boomker et al. 1984, Rintamäki & Valtonen
1991, Carlstein 1996, Hellberg et al. 1996, Wiklund & Dalsgaard 1998, Bravo
2000). In the reported infections, the bacterial agents vary because the isolated
agent may denote all Aeromonas salmonicida subspecies, designated either as
“typical” or “atypical”. It was illustrated in paper I, that the manifestation of
aAS disease clearly differs between charr and grayling even at a single fish farm
on the Vuoksi watercourse. However, aAS isolates at the farm show
homogeneity in genome since 1988 (IV). No other fish species are affected at the
farm even though landlocked salmon (Salmo salar m. sebago) and trout (Salmo
trutta m. lacustris) are cultivated. However, it has been reported that elsewhere
in Finland salmon, and especially sea trout and brown trout, stocks have
suffered aAS infection (Rintamäki & Valtonen 1991). All age groups (e.g. brood
fish and fingerlings) of both charr and grayling are affected annually and
mortality rate can be high during outbreaks (I). Carlstein (1996) have described
natural achromogenic aAS infection in grayling fingerlings. Bravo (2000)
described aAS infection in juvenile and adult Atlantic salmon (in average
weight 0.9 to 4 kg).
In non-salmonids, aAS infection often creates a skin ulceration without
subsequent septicaemia. Carp erythodermatitis, goldfish ulcer disease and ulcer
disease of flounder in the Baltic and Northern Sea are the best described
diseases of this sort. In histopathological descriptions mononuclear
inflammatory cells around the ulcers are often described (for references see
Wiklund and Dalsgaard 1998). However, a systemic aAS infection in nonsalmonids has also been described (among others Guðmundsdóttir et al. 2002,
Lund et al. 2002).
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The pathology of aAS infection is not so well described in salmonids.
Rintamäki and Valtonen (1991) stated that shallow lateral ulcers on the skin
were most typical in non-pigment producing aAS infection, and often no other
macroscopic changes were seen. The gross signs in furunculosis and in
pigment-producing atypical AS infection were similar: fin base haemorrhages
and erosions and sometimes small furuncles were found (Rintamäki and
Valtonen 1991). Carlstein (1996) described natural non-pigment producing aAS
infection in grayling fingerlings which had skin haemorrhages and ulcerations.
Boomker et al. (1984) described skin ulcerations that varied from small vesicles
to large shallow ulcers in rainbow trout infected by an achromogenic Aeromonas
salmonicida that shared characteristics with all three subspecies: salmonicida,
masoucida and achromogenes. Bacterial colonies were present only in the sections
of skin. Slight enlargement of spleen and kidney and discoloration of liver were
observed. Cellular infiltration and considerable tissue destruction were seen in
ulcerations in histological studies. The spleen and liver were congested and in
the kidney slight vasculitis and degeneration of tubular epithelium were
encountered. The findings described by Boomker et al. (1984) are similar to the
pathological changes reported in grayling (I).
During natural aAS outbreaks at the farm located in the Vuoksi
watercourse, grayling were observed to develop deep skin lesions extending to
muscular tissue and haemorrhagia in the intestine, often accompanied by anus
relapse (I). Infected charr, in contrast, had only slight if any haemorrhages in
the internal organs (I). The aAS bacteria from charr and grayling were isolated
on blood agar mainly from kidney or skin lesion, but also from intestine (I).
Atypical A. salmonicida bacteria were detected from lenses and intestine of
grayling in 30% of the cases by PCR (II). In experimentally challenged grayling,
tissue damage in the epidermis was severe necrosis extending to deep muscular
fibers (I). No cellular defense, such as macrophages around lesions, was
observed (I). In charr the disease manifested more slowly than in grayling, and
severe necrotic tissue was rare (I). In histopathology, thickening of the skin
mucus layer and gram negative bacterial invasion of scale pockets was seen in
charr epidermis during the first few days after exposure. In the outer most layer
of epidermis, bacterial colonies surrounded by some macrophages and
lymphocytic cell types were observed (I). These findings indicate that in charr
immune defense functions have been activated during the bacterial invasion of
tissue. Even at a later stage of infection no histopathological changes in
pancreas, liver, kidney or intestine could be detected in either charr or grayling.
However, in the hearts of grayling sampled during the last days of the
experiment, gram negative bacterial colonies could be seen either in the
pericardium or the ventriculum (I). The presence of aAS bacteria in grayling's
heart tissue was also confirmed in paper II.
The intact mucus layer is penetrated by aAS (Svendsen & Bøgwald 1997).
This is in an agreement with the findings in paper II in which the role of
parasitic invasion in enhancement of aAS infection was studied experimentally.
It was observed that Diplostomum spathaceum significantly enhances invasion of
aAS to grayling’s heart tissue in two weeks time post exposure (II). However,
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aAS bacteria were also found in those fish which did not receive the parasitic
exposure. Atypical AS was also detected in control fish all through the
experiment but the incidence of aAS was lower than that in the concomitant
bacterial and parasitic treatment (II).
Carlstein (1996) reported challenged grayling to develop cloudy and
partly eroded cornea. Buchman & Bresciani (1997) and Karvonen et al. (2004a)
reported D. spathaceum infection to cause cataracts in previously healthy eyes of
rainbow trout, but severe damage and eye rupture has not been reported. The
most severe eye damage such as eye rupture and nuclear extrusion was
observed in grayling concomitantly exposed to D. spataceum and aAS or D.
spathaceum alone (II). This type of severe eye damage has been previously
reported in wolf-fish (Anarchicas spp.) after a rapid decrease in water salinity
(Bjerkås et al. 1998).
The present study appears to be the first description of gross signs of aAS
infection, with histological changes in internal organs of charr and grayling (I).
The presence of aAS bacteria was detected in heart of grayling both by
traditional Gram staining in histological tissue sections and by molecular tools
(I, II). This work is one of the first known experimentally proven reports about
the parasitic enhanced bacterial invasion in grayling tissue.

Evoking immune defense function in charr
The variety of virulence factors and mechanisms of aAS and ASS bacteria,
indicates that they possess many different means to evade the immune system
of fish (among others Evenberg et al. 1985, Garrote et al. 1992, Austin & Austin
1993, Merino et al. 1994, Guðmundsdóttir 1996, Austin et al.1998,
Guðmundsdóttir et al. 2003). Protection by the host is based on inactivation of
virulence components of pathogen.
Lysozyme in vertebrates is one of the enzymes in the first-line of defense
against invading pathogens (see e.g. Roitt 1994, Janeway et al. 1999). The
defense response is directed against the peptidoglycan layer, especially in the
cell wall of Gram-positive bacteria, that is suspected to be weakened by the
alternative pathway of the complement system before lysozyme attack (see e.g.
Janeway et al. 1999). In paper III it was observed that a significant increase in
the plasma lysozyme activity in vaccinated charr, when compared to
unvaccinated charr, indicates the activation of the nonspecific immune defense
functions (see e.g. Roitt 1994, Janeway et al. 1999). Similar findings are reported
in Atlantic salmon after injection of M-glycan (Engstad et al. 1992). This
increased lysozyme activity is possibly induced by emulsification oil used in
vaccine.
The effector functions of the complement system can be activated through
three pathways: classical (III), alternative (III) and lectin binding. The
complement consists of some 30 proteins circulating in the blood plasma
(designated by the letter C with an extension number). Most of these are
inactive until either they are cleaved by a "foreign" protease such as 70 kDa
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serine protease (IV) which, in turn, converts complement system proteins into a
protease. In mammal blood plasma the principal serine protease inhibitor, α1antiproteinase, represents 18% of total plasma volume (see e.g . Harfenist &
Murray 1993). For example, the binding of an antibody to its antigen often
triggers the complement system through the classical pathway. The
complement system can also be triggered without antigen-antibody complexes alternative pathway (see e.g. Roitt 1994, Janeway et al. 1999)
Cell lysis is only one function of the complement system. The complement
system acts in several ways to mobilize defense mechanisms; for example,
opsonization by C3b targets foreign particles for phagosytosis, chemotaxis by
C5a attracts phagocytic cells to the site of damage. This is aided by the
increased permeability of the capillary beds mediated by C3a and C5a. The
early complement components are also important for solubilizing antigenantibody complexes assisting in their catabolism and elimination from the body
(see e.g. Roitt 1994, Janeway et al. 1999).
Vaccination did not stimulate the haemolytic activity of either the classical
or alternative pathways of the complement system (III). The hemolytic activity
of the both pathways changed from April to August regardless the vaccination
status of charr. The haemolytic activity of the classical and alternative pathways
of the complement system was low in April (4.5 and 1.5%, respectively), but
increased later in the summer (III). The complement system via the classical
pathway reached 50% haemolysis in August while the alternative complement
pathway displayed the highest activity in June (over 50% haemolysis) and a
lower haemolytic activity (10%) in July and August. Rintamäki & Valtonen
(1991) have reported aAS outbreaks in Finland to occur at water temperatures
higher than 15°C, which indicates an increase in the number of aAS or related
Aeromonas bacteria in incoming water in July and August. This assumed
increase of the aAS cells in inflow water correlates to the activity increase of the
classical pathway of the complement system in August. The activation of the
classical complement system requires specific recognition of invading pathogen
(see Janeway et al. 1999). Possibly, the utilization of the complement system via
classical pathway is an efficient defense mechanisms for charr when the
number of pathogen cells increases.
I reported that pathological tissue changes and lethality of non-pigment
producing aAS infection differ between charr and grayling at the farm in the
Vuoksi watercourse (I). This infection is also different than an infection caused
by a pigment producing aAS-infection in Atlantic salmon (Guðmundsdóttir
1997). I also reported that in the Vuoksi watercourse aAS bacteria are
genetically homogeneous (I). These results indicate that immune response
against aAS bacteria differs between fish species.
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Putative preventive means against aAS bacterial infection
– vaccination and control of parasite pressure
An immune response against an invading pathogen involves opsonization of
pathogens by the complement system resulting to phagocytosis by
macrophages or B and/or T cell actions followed by a humoral response (see
e.g. Roitt 1994, Janeway et al. 1999). In vertebrates a typical secondary response
resulting from previous immunization (natural or induced by vaccination)
follows the same pattern as the primary response but with more rapid kinetics
and a stronger response (see e.g. Roitt 1994, Janeway et al. 1999). This basic
knowledge has been utilized when preventive means against fish diseases are
developed. The main results in paper III indicate that aAS-specific immune
responses of charr can be evoked with oil-based vaccine containing ASS and
aAS bacterins.
Atypical AS infection is an increasing problem in commercial halibut
farming in Norway (Ingilæ et al. 2000) and in Atlantic salmon farming in Chile
(Bravo 2000). The problems with aAS infection seem to arise when either new
fish species are taken to commercial farming or the fish farming industry is
spreading to new locations. Increasing problems with bacterial diseases usually
create a need to find an effective vaccination. Vaccine developments against
aAS infection in Atlantic salmon and Atlantic halibut (Hippoglossus hippoglossus)
and spotted wolffish (Anarchichas minor) have been conducted at least in Iceland
and Norway (Guðmundsdóttir et al. 1997, Ingilæ et al. 2000, Lund et al. 2002).
Injection of the AsaP1 toxoid in Atlantic salmon induced protection against
infection (Guðmundsdóttir & Magnadóttir 1997).
In Iceland the autogenous oil-based vaccine, IBOO, gives good protection
against aAS. In challenged Atlantic salmon 12 weeks after vaccination all fish
were protected (relative percentage of survival, RPS, value 100)
(Guðmundsdóttir et al. 1997). Gunnlaugsdóttir & Guðmundsdóttir (1997)
reported a protection against aAS bacteria also gained by Atlantic salmon
vaccinated with commercial furunculosis vaccine. However, such preventive
means have not been used against aAS disease in Finnish charr and grayling
farming.
I have observed good protection in charr vaccinated i.p. with 4 oil-based,
autogenous (containing formalin killed aAS isolates from the Vuoksi
watercourse), and monovalent (containing one aAS isolate as an antigen)
experimental vaccines (prepared for the experiment by Alpharma AS, Norway).
The charr (2-year old) were cross bath challenged with 4 Vuoksi watercourse
aAS isolates. RPS value 88 was achieved with one autogenous aAS vaccine and
RPS value 60 with the two commercial furunculosis vaccines (P. Pylkkö
unpubl.). Similarly, vaccinated and challenged grayling were poorly protected
by all the vaccines (RPS values less than 40, unpublished data). No correlation
between specific antibody level and protection was observed (P. Pylkkö
unpubl.). These results suggest the immune defense functions against aAS
bacteria differ between charr and grayling in the Vuoksi watercourse.
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A-layer proteins from typical and atypical A. salmonicida were observed to
evoke a specific immune response in Atlantic salmon and rainbow trout
(Bjørnsdottir et al. 1992, Lund et al. 1991, Hastings & Ellis 1990). Maurice et al
(1999) have produced recombinant A-layer protein from acromogenic aAS
isolated from diseased goldfish. The recombinant protein is fused to cellulose
binding domain (Maurice et al. 2003). The cellulose recombinant protein
successfully evoked the immunological memory of goldfish when challenged
with aAS bacteria. Thus, no correlation was observed between specific antibody
level and intensity of ulceration (Maurice et al. 2003). In preliminary studies,
charr were i.p. vaccinated with experimental aAS vaccine (produced by
Alpharma, Norway) and plasma collected several weeks from vaccination (data
not shown). The A-layer was recognized in Western blotting of aAS whole cell
lysate (see paper IV) probed with plasma from vaccinated charr, whereas when
probed with plasma from non vaccinated charr no A-layer recognition occurred
(P.Pylkkö unpubl.). I suggest that the role of A-layer from Finnish aAS isolates
as an antigen evoking immune response of should be studied further.
Both enhancement of fish growth (Buchman et al. 1997) or reduced growth
(Midtlyng et al. 1996, Sørum & Damsgard 2004) have been reported after i.p.
vaccination. Such discrepancies in growth rate in fish after i.p. vaccination may
result from fish species, time scale of the follow up, or methods used to evaluate
growth. The effect of i.p. vaccination on growth of charr was studied in paper
V. Compensation of growth suppression in charr after vaccination indicates that
modern oil adjuvant vaccines have no ultimate negative effect on growth (V).
This compensatory growth in suitable conditions might indicate that
passively induced activation (e.g. vaccination) of immune defense functions
demands energy. After sufficient activation of the immune defense system is
reached the fish is again able to put energy into growing. This suppression of
growth is therefore a sign of an activated immune system after vaccination (III,
IV) and not a sign of vaccine induced poor growth.
Vaccinations with good efficacy against furunculosis have improved the
economics of salmonid fish farming in general and reduced usage of
antimicrobial medication. The common interest in fish meat production is
ecologically sustainable fish production and good quality of fish. Good fish
meat quality for consumers is guaranteed by rearing healthy fish with minimal
need for antimicrobial drugs. In conservation of endangered fish stocks it is
critically important that the fish stocked are healthy, fit to survive and are able
to avoid predators efficiently after stocking. Vaccinations with good protection
against bacterial diseases could improve the farming of endangered fish species
and help conservation of the genetic diversity of fish stocks.
Rearing conditions at fish farms are important in introducing pathogens to
fish hosts. This topic was studied in paper II. Cultivation of fish at high
densities at fish farms attracts a variety of parasites, most of which are
protozoans or other ectoparasites (e.g. Rintamäki-Kinnunen & Valtonen 1996,
1997; Hakalahti & Valtonen 2003). Diplostomum spathaceum is a common parasite
of freshwater and brackish water fishes (Valtonen & Gibson 1997; Valtonen et
al. 1997, 2003) and utilizes three hosts in completing its life cycle: fish-eating
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birds, aquatic snails and fish. Occurrence of diplostomids at fish farms is
dependent on several factors, especially on the infrastructure of the farm and on
its water intake systems. Some parasites (Trichodina spp., Riboscyphidia sp.,
Apiosoma sp.) are tolerated at fish farms to some extent (Rintamäki-Kinnunen &
Valtonen 1997). D. spathaceum larvae which migrate through fish skin and
tissues, can cause outbreaks at fish farms (e.g. Crowden & Broom 1980; Lafferty
& Morris 1996). Karvonen et al. (2004 b) have reported that fish previously
exposed to a low level (as used in paper II) of D. spathaceum, cercaria
penetrating fish epidermis decrease by even 80 to 90% in further parasite
infections. In nature fish can recognize the parasites and avoid further
infections (Karvonen et al. 2004). Therefore, at the fish farms the immune
defense functions of fish have to be fit to respond to random pathogen load that
is introduced through inflow water. The environment can, and even should,
never be sterile but would it be necessary to regulate parasite populations at
fish farms? The optimal level of skin-penetrating parasites at high density fish
populations may help prevent the problem also caused by bacterial fish
diseases.

CONCLUSIONS
– Homogeneity in macrorestricted genome and plasmid profiles indicated
narrow genetic variation in atypical Aeromonas salmonicida strains isolated from
the Vuoksi and the Kymijoki watercourse. Therefore, preventive measures
against aAS –infection can potentially be developed. Possibly one autogenous
bacterial strain included in a vaccine is sufficient to evoke immune defense
responses against aAS infection in Arctic charr (Salvelinus alpinus) and
European grayling (Thymallus thymallus). However, the MRP genome and
plasmid profiles need to be studied more in order to be put to use in
epidemiological studies.
– The detection method of aAS latent carrier fish by combination of bacterial
cultivation and PCR techniques was successfully carried out and offers a
potential new method for fish disease diagnostics. A heart as an organ for aAS
isolation among latent carrier salmonids could be added to traditional bacterial
isolation from kidney tissue of fish.
– Symptoms and lethality of the aAS disease vary greatly even between charr and
grayling. The reason for this variation could not be properly explained in this
study. Do the symptoms vary because of the different immune defense response
between the two species? Therefore, I suggest that activation of the immune
defense functions of these two fish species needs to be studied in more detail.
– The studies of fish complement system activation and functions in the
inactivation of pathogens should be continued. The factors in the innate
immune system, especially activation of the complement system, would be
most beneficial in understanding parasite-bacteria interactions in fish hosts. The
lectin pathway during a parasite infection in fish may have an important role as
a defense mechanism in fish. Studies in this area should be conducted among
farmed Arctic charr and European grayling.
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– Infectious diseases both bacterial and parasitic among farmed fish should not
be ignored in aquaculture management. Both pathogen types cause severe
damage to the farmed Arctic charr and European grayling such as high
mortality and eye rupture. These types of damage narrow the genetic diversity
and may reduce the survival of fish stocks. However, an optimal level of skin
penetrating parasites in farmed fish might activate immune responses against
all pathogenic exposures. This possibility needs to be studied further.
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YHTEENVETO (Résumé in Finnish)
Epätyyppinen Aeromonas salmonicida -bakteeritartunta uhkana harjuksen
(Thymallus thymallus L.) ja nieriän (Salvelinus alpinus L.) laitoskasvatukselle ja
mahdollisia keinoja tartunnan ennaltaehkäisyyn
Tämä työ on yhteenveto viljellyn harjuksen (Thymallus thymallus L.) ja nieriän
(Salvelinus alpinus L.) vakavaan sairastumiseen johtavasta bakteeritartunnasta,
jonka aiheuttaa epätyyppinen Aeromonas salmonicida -bakteeri (aAS). Työtä
varten tutkin useiden suomalaisten aAS -kantojen (66 kpl) perimää ja niiden
taudinaiheutuskykyyn liittyviä ominaisuuksia. Tutkittuja aAS -kantoja vertasin
1 islantilaiseen, 11 ruotsalaiseen aAS -kantaan ja 3 Aeromonas salmonicida subsp.
salmonicida -kantaan ja A. salmonicida subsp. achromogenes tyyppikantaan (ATCC
33659). Tutkin myös kokeellisesti aAS -bakteerille altistetuissa harjuksissa ja
nieriöissä syntyneitä kudosvaurioita, joita vertasin luonnollisissa tartunnoissa
todettuihin aAS -bakteerin aiheuttamiin viljelykalojen kudosvaurioihin. Lisäksi
selvitin kahdeksan vuoden ajalta yhden Vuoksen vesistön alueella sijaitsevan
kalaviljelylaitoksen diagnosoidut aAS -tartunnat, niihin kuolleet kalalajit,
kalojen määrän ja tartunnan hoitoon annetut antibioottilääkinnät. Työssäni
tutkin myös nieriän immuunipuolustuksen aktivoitumista rokotuksen jälkeen
(mm. anti-aAS-spesifisiä vasta-ainetaso, plasman lysotsyymiaktiivisuus) ja
rokotuksen vaikutusta nieriän kasvuun. Selvitin kokeellisesti makeassa vedessä
yleisen Diplostomum spathaceum -kalaloisen ja aAS -bakteerin vuorovaikusta
aAS -tartunnan puhkeamisessa. Selvitin myös bakteerien rikastusviljelyn ja
geenimonistusmenetelmän (PCR) yhdistelmän käyttökelpoisuutta bakteerien
tunnistamiseen kalan kudoksista (sydän, suoli ja mykiö). Koekaloina käytin eriikäisiä Vuoksen, Kymijoen ja Inarin vesistöjen harjuksia ja nieriöitä. Vuoksen ja
Kymijoen vesistöalueiden sisällä aAS -kannat olivat perimältään (genomi- ja
plasmidiprofiili) samanlaiset. Mutta Vuoksen, Kymijoen ja muiden
vesistöalueiden aAS -kantojen perimät erosivat toisistaan. Yhtä selkeää aAS bakteerin taudinaiheutuskykyyn vaikuttavaa ominaisuutta en tässä työssä
löytänyt. Kokeellinen aAS -bakteerialtistus aiheutti viimeistään 15 vrk
altistuksesta kuolemaan johtavan yleistulehduksen harjukselle ja nieriälle.
Harjukselle muodostui nopeammin ihon pinnalta (epidermis) lihaskudokseen
ulottuvat vauriot kuin nieriälle, jonka ihomuutokset rajoittuivat usein
epidermiksen alueelle. Harjuksen sydänkudoksessa näkyi bakteerisoluja ja
sydänlihas tuhoutui näiltä alueita. Kalanviljelylaitokselta koottujen tietojen
perusteella harjus ja nieriä osoittautuivat alttiiksi aAS -tartunnalle. Harjus ja
nieriä olivat ainoat kalalajit, joista eristettiin aAS -bakteeria kahdeksan vuoden
aikana vaikka samalla laitoksella kasvatettiin samanaikaisesti mm. järvilohta
(Salmo salar m. sebago) ja järvitaimenta (Salmo trutta m. lacustris). Rokotus nosti
merkittävästi nieriän plasman anti-aAS-spesifisten vasta-aineiden tasoa ja
tehosti merkittävästi lysotsyymi-entsyymin aktiivisuutta. Rokote ei alentanut
nieriän kasvua pysyvästi vaan 52 päivää rokottamisen jälkeen rokotetut
kasvoivat nopeammin kuin rokottamattomat nieriät. Harjukseen, ihon läpi,
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tunkeutuneet D. spathaceum -loisen toukat lisäsivät sydänkudoksesta PCR menetelmällä tunnistettujen aAS bakteerisolujen määrää. Yhdistetyn
bakteeririkastusviljelyn ja PCR -menetelmän avulla kyettiin tunnistamaan 17
aAS -bakteerisolua 100 mg:ssa tutkittua kudosta. AAS -bakteeri tunnistettiin
tehokkaimmin oireettomien kantajakalojen sydänkudoksesta. D. spathaceum loinen aiheutti harjukselle tulehduksen mykiöön, mistä seurasi silmän
puhkeaminen ja mykiön menetys. Lois- ja bakteeritaudit haittaavat
kalanviljelyä ja niitä ei voida eikä pidäkään kokonaan poistaa mutta niiden
halittu säätely on kalojen laitoskasvatuksen onnistumiselle ja kalojen
hyvinvoinnille ensiarvoista. Loisten ja bakteerien vuorovaikutus tautien
puhkeamisessa vaatii vielä lisätutkimuksia mutta näiden vuorovaikutusten
ymmärtäminen voi lisätä tehokkaita ennaltaehkäisykeinoja rokotusten rinnalle
tulevaisuuden kalanviljelyyn.
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TABLE 1. Aeromonas samonicida strains analyzed in the studies. The original paper is
referred by Roman numerals. The isolates used in challenge experiments are
shown in bold.
Atypical AS
non-pigm.producing
Research
number
Fish species
8
9
111
113
115
117
127
150
153
156
200
205
7
112
116
128
143
154
206
203
121
125
129
2
6
114
130
131
1
118
129
132
155
157
211
201
16
122
15
60
61
100
44
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20
26
31
29
63
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182
183
186
189
196

Location

Thymallus thymallus
Vuoksi
Thymallus thymallus Vuoksi
Thymallus thymallus
Vuoksi
Thymallus thymallus
Vuoksi
Thymallus thymallus
Vuoksi
Thymallus thymallus
Vuoksi
Thymallus thymallus
Vuoksi
Thymallus thymallus
Vuoksi
Thymallus thymallus
Vuoksi
Thymallus thymallus
Vuoksi
Thymallus thymallus
Vuoksi
Thymallus thymallus
Vuoksi
Salvelinus alpinus
Vuoksi
Salvelinus alpinus
Vuoksi
Salvelinus alpinus
Jänisjoki
Salvelinus alpinus
Vuoksi
Salvelinus alpinus
Vuoksi
Salvelinus alpinus
Vuoksi
Salvelinus alpinus
Vuoksi
Salvelinus alpinus
Vuoksi
Coregonus albula
Vuoksi
Coregonus albula
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Thymallus thymallus
Vuoksi
Rutilus rutilus
Vuoksi
Leucius leucius
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Rutilus rutilus
Vuoksi
Rutilus rutilus
Vuoksi
Rutilus rutilus
Vuoksi
Thymallus thymallus
Kymijoki
Thymallus thymallus
Kymijoki
Thymallus thymallus
Kymijoki
Thymallus thymallus
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Thymallus thymallus
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Thymallus thymallus
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Thymallus thymallus Kymijoki
Thymallus thymallus
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Salvelinus alpinus
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Salvelinus fontinalis
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Onchorhynchus mykiss Kymijoki
Onchorhynchus mykiss Kymijoki
Onchorhynchus mykiss Kymijoki
Rutilus rutilus
Kymijoki
Salmo trutta f. fario
Kokemäenjoki
Salmo trutta f. lacustris Kokemäenjoki
Salmo trutta m. lacustris Oulunjoki
Onchorhynchus mykiss Iijoki
Rutilus rutilus
Kemijoki
Salmo trutta m. lacustris Oulunjoki
Onchorhynchus mykiss Baltic sea
Salvelinus alpinus
Sweden
Salvelinus alpinus
Sweden
Salvelinus alpinus
Sweden
Salvelinus alpinus
Sweden
Salvelinus alpinus
Sweden
Salvelinus alpinus
Sweden

Year of
isolation Farmed/Wild paper Reference
1989
1989
1991
1992
1992
1992
1993
1994
1994
1994
1995
1995
1988
1992
1992
un
1994
1994
1995
1995
un
1993
1993
1988
1988
1992
1993
1993
1990
1992
1993
1993
1994
1994
1995
1995
un
un
1988
1988
1988
1988
1988
1988
un
1988
1988
un
un
1991
un
1994
1988
1992
1985

F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
Wild
Wild
Wild
Wild
Wild
F
F
F
F
F
F
F
F
F
F
F
F
F
Wild
F
F
F
F
Wild
F
F
unknown
unknown
unknown
unknown
unknown
unknown

I, IV
I, IV
I, IV
I, IV
IV
I, IV
I, IV
IV
IV
I, IV
IV
I, IV
I, IV
IV
I, IV
IV
IV
I, IV
I, IV
I, IV
IV
I, IV
I, IV
I, IV
I, IV
I, IV
I, IV
I, IV
I, IV
I, IV
IV
I, IV
I, IV
IV
II
I, IV
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IV
I, IV
I, IV
I, IV
I, IV
I, IV
I, IV
IV
I, IV
I, IV
IV
IV
I, IV
IV
I, IV
I, IV
I, IV
I, IV

EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
EELA, Kuopio
SVA, Sweden
SVA, Sweden
SVA, Sweden
SVA, Sweden
SVA, Sweden
SVA, Sweden

47
184
Salvelinus
188
Thymallus
191
Salvelinus
195
Thymallus
198
Salvelinus
Atypical AS
pigment producing
202
Salvelinus
Reference strains
*ATCC 33659

fontinalis
thymallus
fontinalis
thymallus
alpinus

Sweden
Sweden
Sweden
Sweden
Sweden

1986
1994
un
1985
un

unknown
Wild
unknown
Wild
unknown

alpinus

Inari

1995

F

I, IV
I, IV
IV
I, IV
IV

Sweden
Sweden
Sweden
Sweden
Sweden

I, IV EELA, Kuopio
I, IV

**ASS MT423 Salmo trutta

Finland

nk

unknown

IV

265-87

Iceland

nk

unknown

IV

1991
1991

unknown
unknown

IV
IV

Salmo salar

SVA,
SVA,
SVA,
SVA,
SVA,

ASS P110A/91 Salmo trutta m. lacustris Finland
ASS P131A/91 Oncorhynchus mykisss Finland
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* American Type Culture Collection, type strain for Aeromonas salmoicida achromogenes
** Aeromonas salmonicida subsp. salmonicida, A-layer positive isolate
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