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ABSTRACT

Kunttu, Heidi

Characterizing the bacterial fish pathogen Flavobacterium columnare, and some
factors affecting its pathogenicity

Jyvéaskyld: University of Jyvéaskyld, 2010, 69 p.

(Jyvéaskyla Studies in Biological and Environmental Science

ISSN 1456-9701; 206)

ISBN 978-951-39-3867-3 (PDF), 978-951-39-3853-6 (nid.)

Yhteenveto: Kalapatogeeni Flavobacterium columnare -bakteerin ominaisuuksia ja
patogeenisuuteen vaikuttavia tekijoita

Diss.

Flavobacterium columnare is a bacterial pathogen of fresh water fish causing
lethal columnaris disease worldwide. At Finnish fish farms, columnaris disease
has occurred since the early 1980s, and is a serious problem in salmonid
farming in Finland. Currently, the only effective treatment is with antibiotics.
Factors related to the pathogenicity of F. columnare, transmission of columnaris
disease and the immunity of salmonids to columnaris infections are poorly
known. F. columnare strains isolated from Finnish fish farms were characterized
geno- and phenotypically, virulence and transmission experiments were
conducted, and the efficacy of two immunostimulants against columnaris
infections in rainbow trout (Oncorhynchus mykiss Walbaum) fingerlings was
evaluated. Finnish F. columnare strains constituted a genetically homogeneous
group that differed from strains isolated from other parts of the world and
tolerated narrower pH and salinity ranges than F. columnare type strain (NCIMB
22487). Finnish strains could be divided into seven genetic groups, which can
co-occur during the same outbreak at fish farms. Among the genetic groups,
four colony types were formed. Formation of rhizoid colonies is suggested to be
a prerequisite for virulence of F. columnare. Colony types may have a role in the
infection process and persistence of F. columnare at fish farms. The bacterium
was able to survive in fresh water and also as a saprophyte, and to use
saprophytism as a transmission strategy. These properties, together with co-
occurrence of different genetic groups, may promote the continuous nature of
outbreaks at fish farms and lead to development of highly virulent F. columnare
strains. Immunostimulation was effective in boosting innate immune defence
parameters of rainbow trout, but was inefficient in protecting fish against F.
columnare infections. This suggests that antibody-mediated immunity is also
essential in protecting fish from columnaris disease.

Keywords: Colony type; columnaris disease; Flavobacterium columnare;
immunostimulation; saprophytism; transmission; virulence.
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1 INTRODUCTION

1.1 Columnaris disease at fish farms

Columnaris disease is an infectious bacterial disease of freshwater fish leading
annually to severe financial and material losses at fish farms world wide. The
disease is caused by the Flavobacterium columnare bacterium and its symptoms
include gill necrosis, fin and jaw erosion, and skin lesions. F. columnare infects
several fish species from catfish and tropical aquarium fish to salmonids in the
warm water period (Snieszko 1974, Bernardet 1989, Decostere et al. 1998,
Wagner et al. 2002). Columnaris disease transmits by contact or by propagules
shed into the water (Groff & LaPatra 2000, Welker et al. 2005). Young fish are
more susceptible to F. columnare than older fish (Fujihara et al. 1971), but
healthy, older fish with previous columnaris infection can be carriers of the
disease (Pacha & Ordal 1970, Becker & Fujihara 1978, Suomalainen et al. 2005a).
Transmission of F. columnare is known to be enhanced by mechanical injuries to
fish, high temperature and rearing density, and high amount of organic matter
in water (Morrison et al. 1981, Decostere et al. 1999a, Suomalainen et al. 2005b).
Although F. columnare exists in natural water habitats and can be isolated
also from wild fishes (Rickard et al 2003, Revetta et al. 2005, Olivares-Fuster et
al. 2007a), it mainly causes columnaris disease under fish farming conditions.
Recently, however, infections caused by F. columnare have been reported in a
wild perch (Perca fluviatilis) population (Morley & Lewis 2009). In Finland, the
number and severity of columnaris outbreaks have increased since the first
observations of the disease in 1980s (Rimaila-Pdrndnen. 2003, Eskelinen 2009,
Pulkkinen et al. 2010). The reasons behind this apparent increase in
pathogenicity of F. columnare are unclear. At present, columnaris disease is the
most remarkable fish disease affecting salmonid smolt production at Finnish
fish farms (personal communications with representatives of Finnish fish
farming industry). Epidemiological factors under fish farming conditions
together with increased summer temperatures may favour development of
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more virulent F. columnare strains and have been suggested to be the reason
behind the more pathogenic disease (Pulkkinen et al. 2010).

Various methods have been tested and used to cure and prevent infections
by F. columnare. Chemical bathing has proven somewhat effective in controlling
and treating columnaris disease (Altinok 2004, Darwish et al. 2008). Although
use of probiotics, i.e. microbes beneficially affecting the health of the host by
competing with pathogenic bacteria, in aquaculture has been studied widely
(for reviews see Gatesoupe 1999, Verschuere et al. 2000, Irianto & Austin 2002),
there are only few publications on their effect on F. columnare infections. Some
competing bacteria, like Aeromonas hydrophila and Citrobacter freundii, have been
shown to decrease the infection success of F. columnare (Wakabayashi 1991). On
the other hand, Pseudomonas sp. did not affect the infectivity, even though
promising results for this bacterium as a growth inhibitor of F. coumnare were
obtained in vitro (Suomalainen et al. 2005a). Therefore, the only practical and
effective method for treating columnaris disease in Finnish aquaculture is
antibiotic treatment with oxytetracyclin (OTC), which has to be administered
repeatedly during summer months to control fish mortality. Thus, there is a risk
of development of antibiotic resistant F. columnare strains at fish farms.
Moreover, use of antibiotics in fish farming has been shown to lead to antibiotic
resistance among other bacteria associated with farms (Schmidt et al. 2000,
Miranda & Rojas 2007). Therefore, alternative treatment methods need to be
studied.

There is evidence that fish are able to mount an antibody response against
F. columnare (Fujihara & Nakatani 1971, Bernardet 1997, Grabowski et al. 2004),
and recently a modified live vaccine has been developed against columnaris
disease in channel catfish (Shoemaker et al. 2007). This vaccine has also proven
efficient in feed-trained largemouth bass fry (Micropterus salmoides floridanus)
against natural exposure to F. columnare (Bebak et al. 2009). However, the
effectiveness of the vaccine in salmonids is not known as it is not licensed for
use in these species or within the EU.

1.2 Flavobacterium columnare

Although there had been earlier difficulties in isolating F. columnare from
diseased fish, development of improved culture methods has enabled routine
isolation and study of the pathogen under laboratory conditions (Shieh 1980,
Decostere et al. 1997, Tiirola et al. 2002a). Several phenotypic properties of F.
columnare have been used in recognition. It is a Gram negative rod, grows on
low nutrient media, tightly adheres on agar and forms yellowish colonies with
a convoluted centre and rhizoid edges (Bullock et al. 1986, Bernardet & Grimont
1989, Durborow et al. 1998). Colonies absorb congo red, and flexirubin type
pigments are present (Bernardet & Grimont 1989). In older cultures, spherical,
degenerative cell forms, spheroplasts, may occur. Optimal growth temperature
for F. columnare is between 20 and 25 °C, but some strains are known to grow at
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37 °C. The bacterium is able to multiply at salinity up to 0.5 %. F. columnare
exhibits gliding movement, and produces catalase and cytochrome oxidase. It is
able to use glucose as a nutriment and hydrolyses chondroitin sulphate and
casein, but not cellulose, chitin or starch (Bernardet & Grimont 1989, Shotts &
Starliper 1999).

The taxonomic history of F. columnare is complicated. The bacterium was
first described by Davis (1922), who named it Bacillus columnaris based on its
column-like growth form on fish tissue. Two decades later, Ordal & Rucker
(1944) isolated the bacterium and classified it as Chondrococcus columnaris based
on the apparent production of microcysts and fruiting bodies. Garnjobst (1945),
however, showed the absence of both microcysts and fruiting bodies,
reclassified the bacterium to the genus Cytophaga and renamed it Cytophaga
columnaris. In the beginning of the 1970s, the name of the genus was changed to
Flexibacter and the name of the bacterium to Flexibacter columnaris (Leadbetter
1974). The present name, Flavobacterium columnare, was given by Bernardet et al.
(1996), as these authors reclassified some bacteria belonging to the group
Cytophaga-Flavobacterium-Bacteroides according to phylogenetic studies based on
molecular techniques.

1.3 Studying the genetic diversity of bacteria

The bacterial genome contains information which allows separation of different
bacterial species, subspecies or even strains of the same species from each other.
Ribosomal RNA (rRNA) genes (16S, 23S and 55 rDNA) are the most commonly
used phylogenetic chronometers in bacteriology, because this genomic region is
relatively conserved among prokaryotes (Fox et al. 1980). Genes coding rRNA
are organized into operons (rrn operons) in the order 165-235-5S and are
transcribed simultaneously (Condon et al. 1995, Liao 2000). The operons are
located unevenly in the bacterial genome and the number varies between
bacterial species (Klappenbach et al. 2001). The number of operons in a certain
bacterial group may be an adaptation to environmental conditions and reflect
the ecology of bacteria (Klappenbach et al. 2000). For comparison of bacterial
species, most important are hypervariable regions of the genes in which the
sequence varies maximally between closely related bacteria. In the 16S rRNA
gene (1500 bp) (bp = base pair) this kind of region lies between 60 and 110 bp
(Escherichia coli numbering) (Giovannoni et al. 1996, Salkinoja-Salonen 2002).
Moreover, based on its length the 16S rDNA provides a more practical genomic
tool to study the phylogeny of prokaryotes compared to the longer 23S rDNA
(2600 bp) or less informative 55 rDNA (120 bp) (Gogarten et al. 1996).
Consequently, characterization of 16S rDNA is a well-established method for
the identification of species, genera and families of bacteria (e.g. Woese 1987).
Several molecular techniques have been used to study bacterial diversity
and classify closely related bacteria based on their 16S rDNA sequence. Specific
probes binding to 16S rDNA have been used in qualitative and quantitative
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hybridization experiments in studies of microbial populations (see Giovannoni
et al. 1990, Raskin et al. 1994, Amann et al. 1995). DNA-rDNA hybridization
was used to classify bacteria belonging to the genera Flavobacterium, Cytophaga
and Flexibacter (Bernardet et al. 1996), and Southern blot hybridization has been
used in characterization of F. psychrophilum isolates isolated in Finland
(Madetoja et al. 2001). Length heterogeneity PCR (LH-PCR), based on
comparison of naturally varying lengths of 165 rDNA PCR products between
bacterial groups, is another powerful method for analysing diversity of
microbial communities (Suzuki et al. 1998, Tiirola et al. 2003). Compared to
cultivation methods, LH-PCR has proven effective in detecting F. columnare in
fish tissue (Suomalainen et al. 2005a). Bacterial communities have also been
studied with restriction fragment length polymorphism (RFLP) and single
strand conformation polymorphism (SSCP) analyses of 165 rDNA (e.g. Moyer
et al. 1994, Lee et al. 1996, Mannistd 1999, Tiirola et al. 2002b). Resolution power
of RFLP is based on differences in restriction fragment profiles between
different DNA sequences, and SSCP on differential movement of single
stranded DNA fragments with different sequences in non-denaturing gel
electrophoresis. Based on RFLP of 165 rDNA, Triyanto & Wakabayashi (1999)
divided F. columnare strains isolated from different parts of the world into
genomovars [-III. This analysis has since been used by others in typing F.
columnare isolates (Michel et al. 2002, Arias et al. 2004, Darwish & Ismaiel 2005).
However, compared to RFLP, SSCP has somewhat improved resolution power
in studying intraspecies diversity in F. columnare (Olivares-Fuster et al. 2007b).
The most accurate, though not the simplest, method for studying taxonomic
distances of bacteria is to compare sequenced DNA regions. Sequencing of 165
DNA has been used in identification of bacteria from environmental samples, in
diagnosis of flavobacteriosis in fish, and in studying genetic diversity of F.
columnare isolates (e.g. Triyanto & Wakabayashi 1999, Tiirola et al. 2002a,
Darwish & Ismaiel 2005, Revetta et al. 2005, Schneck & Caslake 2006).
Compared to 165 rDNA, analyzing a non-coding sequence between 165
and 23S genes, an internal transcribed spacer (ITS) or intergenic spacer region
(ISR), provides a better approach for studying genetic differences between
subspecies or strains of the same species (Garcia-Martinez et al. 1996a, Giirtler
& Stanisich 1996). As no evolutionary pressure is targeted on an ITS sequence, it
changes more rapidly than actual gene sequences in rrn operons (Leblond-
Bourget et al. 1996). Both number (i.e. the number of rrn operons), length and
sequence of ITS can vary between closely related bacteria (Giirtler & Stanisich
1996). Thus, RFLP, SSCP and sequencing of ITS have provided a better
discrimination power in studying relationships of bacteria (also F. columnare) at
intraspecies level than the same analyses of 16S rDNA (Leblond-Bourget et al.
1996, Arias et al. 2004, Darwish & Ismaiel 2005, Olivares-Fuster et al. 2007b). A
comparable analysis to LH-PCR is automated ribosomal intergenic spacer
analysis (ARISA) based on length differences of ITS region between closely
related bacteria. ARISA is considered a rapid and effective technique in
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analysing bacterial communities when fine-scale resolution is needed (Fisher &
Triplett 1999).

Analyses covering the whole bacterial genome have also been used in
studying genetic relationships between bacteria. One such method is amplified
fragment length polymorphism (AFLP), which is based on differential
restriction of genomes of related bacteria and selective PCR amplification of
restriction fragments (Vos et al. 1995). Random amplified polymorphic DNA
(RAPD) is also based on PCR, but primers with a randomly chosen sequence
are used (Williams et al. 1990). Both AFLP and RAPD have been used in
studying genetic polymorphism of F. columnare strains (Arias et al. 2004,
Thomas-Jinu & Goodwin 2004, Olivares-Fuster et al. 2007a), and also other
bacterial isolates of the same species (e.g. Garcia-Martinez et al. 1996b,
Koeleman et al. 1998, Loreti et al. 2001, Hahm et al. 2003). Another technique
based on restriction of genomic DNA and effective in subtyping of bacterial
pathogens, pulsed-field gel electrophoresis (PFGE), has been used to
characterize clinical isolates of F. columnare (Soto et al. 2008). A technique called
suppressive subtractive hybridization (SSH) has been used in studying genomic
differences between closely related bacteria (e.g. Olivares-Fuster & Arias 2008),
and also between pathogenic and non-pathogenic strains of same species (e.g.
Zhang et al. 2000, 2005). In F. johnsoniae -like bacteria, SSH has been used to
detect differential expression of genes between planktic and biofilm forming
stages (Flemming et al. 2009). Recently, SSH revealed genetic differences
between high and low virulence F. columnare strains (Li et al. 2010).

1.4 Virulence factors of fish pathogenic bacteria

Bacterial pathogens have numerous ways to cause disease to their hosts.
Getting contact with the host and attaching to host tissues are the most
important steps in initiating the infection. After this, to utilize the host and
escape the immune defence of the host, virulent bacteria excrete tissue
degrading enzymes and toxins causing the disease. Thus, cell surface structures
functioning as adhesion factors or having some other roles in the infection
process as well as extracellular products have been studied widely in bacterial
fish pathogens.

Several virulence factors have been described for bacterial fish pathogens.
For example, capsular material and/or lipopolysaccharides (LPS) have been
shown to be related to virulence in Vibrio vulnificus, and also in Aeromonas
hydrophila and Edwardsiella ictaluri (Mittal et al. 1980, Yoshida et al. 1985, Amaro
et al. 1997, Arias et al. 2003). The flagellum is a virulence organelle of Vibrio
anguillarum, the flagellar sheath antigen causing the infection, and the
exopolysaccharide transport system of this pathogen is required for attachment
to fish skin (Norqvist & Wolf-Watz 1993, Croxatto et al. 2007). The capsule and
produced cytotoxin are among the factors causing virulence of Streptococcus
inige (Miller & Neely 2005, Locke et al. 2007a). Other features affecting virulence
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of fish pathogenic bacteria include adhesion and subsequent growth on fish
mucus of A. hydrophila, and proteolytic activity in Yersinia ruckeri and F.
psychrophilum (Fernandez et al. 2002, Alvarez et al. 2006, van der Marel et al.
2008). Also gliding muotility has been shown to be related to virulence of F.
psychrophilum (Alvarez et al. 2006).

Changes in cell surface components of a bacterium often lead to formation
of different colony morphologies (e.g. Yoshida et al. 1985, Arias et al. 2003,
Enos-Berlage et al. 2005). Also change in gliding motility machinery is known to
lead to differential colony type formation, the phenomenon well described in F.
johnsoniae (e.g. Chang et al. 1984, Hunnicutt & McBride 2001, Rhodes et al.
2010). Differential colony morphology formation has also been detected in F.
columnare, but correlation to virulence has not been studied (Song et al. 1988,
Bernardet 1989, Bader et al. 2005, Cain & Lafrentz 2007). Virulence mechanisms
of F. columnare are poorly known. It has been shown that different strains of F.
columnare exhibit differences in their virulence (Pacha & Ordal 1970, Decostere
et al. 1998, Thomas-Jinu & Goodwin 2004, Suomalainen et al. 2006).
Furthermore, genomovar II has been shown to be more pathogenic than
genomovar [ to channel catfish (Ictalurus punctatus) (Shoemaker et al. 2008), to
which also F. columnare isolates belonging to different PFGE-groups showed
different virulences (Soto et al. 2008). Several properties of F. columnare have
been studied to find factors causing virulence of the pathogen. It has been
suggested that adhesion on gill tissue is an important step in pathogenesis of
this bacterium, and that chemotaxis to fish mucus is associated with the
virulence of the pathogen (Decostere et al. 1999b, Klesius et al. 2008). In
addition, activity of connective tissue degrading enzyme, chondroitin AC lyase,
has been shown to be related to virulence of F. columnare (Suomalainen et al.
2006). It has also been detected that LPS composition of virulent F. columnare
strains differs from that of a non-virulent mutant (Zhang et al. 2006).
Extracellular and membrane associated proteases have also been characterized,
but no connection to the virulence has been found (Bertolini & Rohovec 1992,
Newton et al. 1997, Xie et al. 2004).

1.5 Host immune defence versus virulence mechanisms of
pathogens

To avoid pathogen invasion, a host must posses a variety of defence
mechanisms. The main organs having a role in immune defence of teleost fishes
are the head kidney and thymus (primary lymphoid organs) (Zapata et al.
1996). The head kidney is a tissue for housing and differentiation of blood cell
precursors and effective macrophage activity. The thymus is suggested to be the
main source of immunocompetent T-cells, and also contains macrophages and
probably B-cell precursors. The secondary lymphoid organs are gut, mucus and
spleen, the role of which is trapping and processing of antigens for the immune
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cells able to react to them. These tissues contain lymphocytes and macrophages,
and also antibodies (Zapata et al. 1996).

In the beginning of the infection, pathogenic bacteria of fish encounter the
nonspecific immune defence of the host, which fish rely on more than the
specific immune defence (see below) (Anderson 1992). Nonspecific defence is
based on recognition of the non-self structures of the pathogen by the host
(Magnadottir 2006). The first place where a pathogen can be effectively blocked
or neutralized is the mucosal surface of the skin and gastrointestinal track
(Zapata et al. 1996). Phagocytosis and production of reactive oxygen species
(ROS-response or respiratory burst) by phagocytes in blood and tissues present
a major non-specific antibacterial defence mechanism in fish (Secombes 1996).
An enzyme effective in lysing both Gram-positive and Gram-negative microbes,
lysozyme, is widely distributed in serum, tissues and mucus (Yano 1996).
Another bactericidal and bacteriolytic activity, complement activity, is present
in plasma and body fluids in several fish species including salmonids, and has
also been detected in the mucus of rainbow trout (Harrell et al. 1976). Other
non-specific immune defence mechanisms of fish are cytotoxic cells, growth
inhibitors, various lytic enzymes, proteases, agglutinins and pecipitins
(Secombes 1996, Yano 1996, Magnadottir 2006). Specific immune defence comes
into the picture in later stages of infection and during second exposure to a
pathogen. This line of defence is based on recognition of specific antigens of the
pathogen by cytotoxic cells and T-lymphocytes, and production of antibodies
by B-lymphocytes (Kaattari & Piganelli 1996, Manning & Nakanishi 1996). Also
a variety of cytokines, affecting the function of T- and B-cells and also
macrophages, have a role in specific immune defence.

A pathogen must overcome the host defence mechanisms to cause the
infection. To invade and colonize the host, a pathogen must be able to survive
in the blood and phagocytes of fish, and be capable of deriving its growth
requirements from the host (Evelyn 1996). For this, bacterial pathogens use their
virulence factors by either avoiding the host immune defence or destroying host
tissues. In avoidance of serum bactericidal activity (e.g. complement and
lysozyme activity), cell surface proteins, LPS and polysaccharide capsular
material of bacteria have a remarkable role (Evelyn 1996, Croxatto et al. 2007).
Also sialic acid on the surface of some bacterial fish pathogens is known to
suppress activation of the alternative complement pathway of the host (Ourth &
Bachinski 1987). This phenomenon is common in pathogenic bacteria (Severi et
al. 2007). Likewise, avoidance of phagocyte killing activity and survival in
phagocytes is mediated largely by cell surface components giving protection
against and suppressing respiratory burst activity of phagocytes (Evelyn 1996,
Locke et al. 2007b). Some bacterial pathogens are also able to lyse phagocytes
and escape from them by producing lytic and toxic enzymes (Bloom 1979,
Evelyn 1996). Virulence factors enabling the growth of bacteria within the host
include ability to compete for iron with the host and production of extracellular
products (ECPs) (Miller et al. 1989, Evelyn 1996, Alvarez et al. 2008). ECPs, like
hemolysins, cytotoxins, dermatotoxins, proteases, phospholipases and
chondroitinases, serve to impair host defence mechanims, lyse cells and
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hydrolyse host tissues facilitating the release and spread of nutrients required
by the pathogens.

1.6 Influence of fish farming conditions on disease outbreaks

In addition to the host-pathogen relationship, the environment also influences
the outcome of infection, affecting both host and pathogen. Infectious diseases
occur when susceptible fishes are exposed to pathogens under certain
environmental stress conditions, such as temperature changes, eutrophication,
metabolic products of fishes, and pollution (Snieszko 1974) (Fig. 1). In intensive
fish culture, the effect of these stressors is enhanced due to unnaturally high
host densities making fish more susceptible to infections by various pathogens.
Crowding and handling stress can have a suppressive effect on the innate
immunity of fish, which increases the probability of infections (Magnadottir
2006). In addition, skin abrasions are common in farmed fish which makes the
fish more vulnerable to infections (e.g. Madetoja et al. 2000, Moyer & Hunnicutt
2007). Also parasitic infections occurring simultaneously with bacterial
infections may enhance the invasion of bacterial pathogens (Cusack & Cone
1986, Rintamaki-Kinnunen et al. 1997, Bandilla et al. 2006, Pylkko et al. 2006).
Furthermore, treating parasitic infections with chemicals (e.g. formalin bathing
to cure infections by the protozoans Ichthyobodo negator and Ichthyophthirius
multifilis) may damage fish skin and increase risk of bacterial infections
(Madsen & Dalsgaard 1999).

Pathogen
' Disease

FIGURE1 Infectious disease occurs when a susceptible host is exposed to a virulent
athogen under appropriate environmental conditions. Redrawn from
(Snieszko 1974).

High host densities at fish farms enhance transmission of pathogens (Ogut et al.
2005). In a dense host population the virulence of pathogens is expected to be
higher when transmission rate is high (Anderson & May 1982, Andre &
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Hochberg 2005). The aqueous environment allows pathogen propagules to
transmit long distances even if the infectious source is immobilized, which
increases the fitness of the pathogen (Ewald 1994, Day 2002). The fitness is
increased further if the pathogen is able to survive long periods outside the
host. For example, F. psychrophilum is able to survive for almost a year and
maintain its infectivity for at least seven days in fresh water (Madetoja et al.
2003). Pathogens transmitting trough water phase may be more virulent than
pathogens transmitting via direct host contact (Ewald 1994). Transmission via
water is especially favourable in environments where host densities are low,
but it can also be beneficial in the farming environment where the probability of
encountering a new host and successful transmission is enhanced by high host
densities. Moreover, the multiple infections occurring at fish farms (Madetoja et
al. 2001, Madsen et al. 2005), e.g. simultaneous infection of the host by
genetically different pathogen strains of the same species, may enhance the
transmission further (Read & Taylor 2001). There is evidence that pathogen
competition during multiple infections favours faster host exploitation by the
pathogen, thus selecting for more virulent strains, and finally leading to
evolution of higher virulence of the pathogen (e.g. Gandon et al. 2001, Wargo et
al. 2007). However, host resistance and genetic properties play a key role in the
outcome of within-host competition and thus in the evolution of parasite
virulence (de Roode et al. 2004).

In addition to living fish, dead fish and fish feed can serve as reservoirs of
bacterial pathogens, even though transmission of the disease from those
resources has not been confirmed (Wakabayashi 1991, Madetoja et al. 2000). In
nature, any fish with disease symptoms are quickly predated by piscivorous
fish or birds, which effectively reduces transmission of diseases. At fish farms
natural predation does not exist, which enhances the transmission success of
pathogens. Pathogenic bacteria that are able to form biofilms may use this
property to survive in the face of changing environmental conditions and, as
the circumstances become more favourable to infection, as a source of
transmission (Hall-Stoodley & Stoodley 2005). Indeed, fish pathogenic F.
columnare and F. psychrophilum are known to form biofilms (Rickard et al. 2003,
Revetta et al. 2005, Alvarez et al. 2006) which might also serve as an infection
source at the fish farms as well and influence the prolonged and repeated
infections.

1.7 Curing and preventing diseases at fish farms and enhancing
immune defence of fish

In fish farming, mortality of fish is controlled by vaccination, antibiotics and
bathing with various chemotherapeutics. Vaccination is useful for prophylaxis
of vibriosis (caused by V. anguillarum), enteric redmouth disease (Y. ruckeri) and
furunculosis (A. salmonicida subs. salmonicida) (Sakai 1999), and experiments on
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vaccination of fish against e.g. A. hydrophila and F. psychrophilum have given
promising results (Rahman & Kawai 2000, Crump et al. 2005, Dumetz et al.
2007, Hogfors et al. 2008, LaFrentz et al 2008, LaPatra et al. 2010). However,
development of vaccines against intracellular pathogens, like Renibacterium
salmoninarum (causing bacterial kidney disease, BKD), is more challenging
(Sakai 1999). Curing and preventing the infections of young fish is especially
problematic for fish farmers (Ellis 1988). Due to their small size, vaccination of
juvenile fish by injection is troublesome. Oral, spray or bath vaccination can be
used, but these methods usually are not as effective as injection. Moreover,
exposure of developing immune system of young fish to a foreign protein can
induce a state of unresponsiveness to the antigen later in life. At the early life
stages, disease resistance of fish consists mainly of non-specific defence
mechanisms (phagocytes, soluble factors). Specific defence functions
(lymphocytes, antibodies), especially immunological memory, is not developed
fully to give fish a long term resistance in infections. However, the best way of
immunization and its effect on immune response always depends on fish
species, the size (not only the age) and condition of fish, and also on
environmental factors.

Immunostimulants can also enhance the immune defence of fish (e.g.
Anderson 1992, Sakai 1999, Bricknell & Dalmo 2005, Dalmo & Bogwald 2008).
Immunostimulants are used in aquaculture to improve growth of fish and
resistance to pathogens under stressful conditions. A variety of substances of
animal (like extracts from marine animals), plant (soybean protein) and
microbial (B-glucans, LPS) origin, as well as synthetic compounds [levamisole,
hydroxymethylbutyrate (HMB)] and diet components (vitamins), can be used to
stimulate the immune system of fish. Innate defence mechanisms are those
affected by most immunostimulants, but the specific immune system is also
known to be enhanced. Immunostimulants can be easily applied orally to
young fish, and treatments can be scheduled to the times when disease
outbreaks are expected. Fish can be treated with immunostimulants also by
bathing/immersion, and intraperitoneal or intramuscular injections.

There is only one report concerning immunostimulation of fish against
columnaris disease (Suomalainen et al. 2009). In that study, promising results
were obtained using a product AlkoSel® (Lallemand Animal Nutrition, Blagnac,
France), an inactivated yeast (Saccharomyces cerevisize) containing
selenomethionine. However, experimental studies have shown that in various
fish species microbial glucans have given protection against bacterial pathogens
such as A. hydrophila, A. salmonicida, E. ictaluri, E. tarda, V. anguillarum, V.
salmonicida, Y. ruckeri and S. iniae (Robertsen et al. 1990, Chen & Ainsworth
1992, Anderson & Siwicki 1994, Selvaraj et al. 2005, Misra et al. 2006, Russo et al.
2006). Immunostimulants can thus reduce the losses caused by diseases in
aquaculture. They may not, however, be effective against all infections (Sakai
1999).



2 AIMS OF THE STUDY

Factors affecting the severity of columnaris disease in Finnish salmonid fish
farming are not well understood. Especially the reasons behind F. columnare
becoming more pathogenic in Finland are not known. The only currently
available treatment is use of antibiotics, which causes a risk of development of
antibiotic resistant strains both at farms and among bacteria in the aquatic
environment.

The main objectives of this thesis were to obtain more insight into the
factors affecting pathogenicity of F. columnare and to evaluate the efficacy of
immunostimulation as an alternative for antibiotic treatments. The following
questions were set:

— Are there genetic differences between F. columnare strains isolated from
outbreaks at Finnish fish farms, and what are the growth requirements of
Finnish F. columnare strains? (I)

- How do different colony morphology types formed by Finnish F.
columnare strains differ from each other, and is there a connection
between virulence and colony morphology? (1L, III)

— What is the transmission strategy of F. columnare, is F. columnare shed or
columnaris disease transmitted at different rates from living and dead
fish, and how long is F. columnare able to survive outside the host? (IV)

- Is it possible to improve the first line immune defence of juvenile
rainbow trout against columnaris diseasse by using immunostimulants?
V)

In order to answer these questions, the studies reported in I-V were carried out
using F. columnare strains isolated from columnaris outbreaks at Finnish fish
farms as a pathogen and juvenile rainbow trout as host.



3 SUMMARY OF MATERIALS AND METHODS

3.1 Bacterial strains

Thirty Flavobacterium columnare isolates were obtained from 18 Finnish fish
farms from disease outbreaks during 1993-2003. These isolates, together with F.
columnare type strain NCIMB 22487 (Table 1), were used in the experiments in
I-V. Isolates were stored at —70 to —80 °C in 500 ul stocks of enriched Anacker
and Ordal (AO) (Bernardet & Kerouault 1989) (I) or Shieh medium (Shieh 1980)
(II-V) containing 10 % of glycerol and 10 % of bovine serum (I) or foetal calf
serum (FCS, Gibco, BRL Co.) (II-V). For the experiments, bacterial stocks were
thawed and inoculated into AO (I, II) or Shieh medium (II-V), and grown at
room temperature (RT) under constant agitation (100-120 rpm) to a late log
phase (23-24 h). Optical density (OD) of bacterial cultures at 595 nm were
measured using a micro plate reader (Multiskan Plus, Labsystems, Vantaa,
Finland), and the number of bacteria was expressed as colony forming units
(CFU) ml? based on a previously determined OD/CFU relationship.

TABLE 1 Flavobacterium columnare strains used in the experiments in I-V. Year of
isolation, fish farm number and fish species are given for each strain. After
genetic grouping of the strains with ARISA (I), strains marked with an
asterisk (") were used as representatives of the genetic groups in further
studies in I-V. For simplicity, the representative strains are referred in the
body text as strains A-H.

Isolate/strain code Fish farm Fish species Watercourse Genetic group
NCIMB 22487 Chinook salmon =~ Washington, USA F*
3294/95 1a Trout The River Oulujoki A"
10819/96 1a Arctic charr The River Oulujoki A
8128/97 1a Arctic charr The River Oulujoki B®
3147/98 1a Trout The River Oulujoki A
1277/99 1a Trout The River Oulujoki A
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TABLE 1 Cont.

1179/01 1a Brown trout The River Oulujoki A
2390/02 1a Salmon The River Oulujoki A
8239/97 2a Rainbow trout The River lijoki c’
9528/97 3a Rainbow trout The River Tornionjoki C
1991/94 4a Rainbow trout The River Oulujoki A
1468/99 5a Brook trout The River Oulujoki A
1199/00 62 Rainbow trout The River Kymijoki A
1397/00 7a Rainbow trout The River Oulujoki D"
1820/02 8a Rainbow trout The River Vienan Kemijoki A
2287/02 9a Trout The River Lestijoki A
2559/93 102 Salmon The River Simojoki A
Ke/02 110 Salmon The River Kemijoki E' ()
FK2/03 11  Salmon The River Kemijoki E’ (II-V)
Mo/ 02 12b  Salmon The River Oulujoki A
Mo/ 03 12 Trout The River Oulujoki A
Ke/03 130 Salmon The River Kemijoki C
Os/03 14° Salmon The River Kemijoki G*
Ra/03 15  Salmon The River Iijoki E
Htan4/03 16¢ Rainbow trout The River Kymijoki A
Htan5/03 16¢ Rainbow trout The River Kymijoki H”"
Htan6/03 16¢ Rainbow trout The River Kymijoki H
Htkul/03 16¢ Pikeperch The River Kymijoki H
Htku2/03 16¢ Pikeperch The River Kymijoki E
Lauh/03 18 ¢ Grayling The River Kymijoki A
Ba1972/03 192 Rainbow trout The River Oulujoki A

a Isolated by Finnish Food Safety Authority (formerly: National Veterinary and Food
Research Institute), Oulu regional unit, Finland

b Isolated by Dr. P. Rintaméki, University of Oulu, Finland

c Isolated by Dr. L.-R. Suomalainen, University of Jyvaskyld, Finland

3.2 Fish and experimental setup of bath challenge (II, V)

Rainbow trout (Oncorhynchus mykiss, Walbaum) fingerlings with no previous
contact with F. columnare originated from a fish farm in Central Finland. The
fish were kept in a wet laboratory in treated bore hole water in 250-1 flow-
through tanks at 16 °C and fed with commercial trout feed (Nutra Parr,
Skretting, Norway). Oxygen concentration of the water was monitored
continuously, and was near full saturation (> 80 %). The fish were acclimated to
laboratory conditions for at least 3 weeks before the experiments. Water
temperature for bacterial challenge was increased gradually to 25 °C during a
seven day period. For exposures to F. columnare bacteria and
immunostimulation experiments, the fish, mean wight 6.0 g (II) or 4.7-114 g
(V), were transferred to an experimental wet laboratory. Bath challenges were
done in 10-1 plastic aquaria, 2225 fish in each, at 25 °C under constant aeration



22

with water containing 5.0-6.5 x 106 ml of virulent F. columnare strain C (IV)
(see Suomalainen et al. 2006) or strain-colony type variant of F. columnare (II)
(see section 3.5 and Table 2). Fish exposed to Shieh broth served as negative
controls. All the treatments were replicated 3—6 times. After a 2-h exposure, the
fish were transferred into clean 10-1 (II) or 50-1 (V) flow-through aquaria (25 °C)
and the mortality was monitored.

3.3 Genomic analyses of Flavobacterium columnare strains (I)

DNA of F. columnare strains was isolated using proteinase K for cell lysis,
phenol-chloroform-isoamyl alcohol extraction for purification, and NaCl and
isopropanol for precipitation of DNA (Tiirola et al. 2003). In order to study
genetic properties of F. columnare strains isolated from Finnish fish farms and to
detect genomic differences between them, LH-PCR analysis (Suzuki et al. 1998)
of partial and RFLP analysis (Weisburg et al. 1991, Triyanto & Wakabayashi
1999) of whole 16S rDNA were conducted (see Table 1). ARISA (Fisher &
Triplett 1999) of 16S-23S ITS region was also done, according to which the
Finnish strains could be divided into seven genetic groups, the type strain
representing the eighth group (Table 1). Sequence analysis of the 165 rDNA was
conducted on the representative strains of the genetic groups. These
repesentatives were also used in further studies.

3.4 Growth features of F. columnare strains (I)

The effect of growth environment on representatives of different genetic groups
of Finnish F. columnare strains was tested in vitro (Table 1). The growth rate of
bacteria was measured at different temperatures (17.0, 19.0, 22.0, 25.0 and 27.4
°C), salt (NaCl) concentrations (0, 0.01, 0.02, 0.04, 0.06, 0.08 and 0.1 %), and pH
(6.2, 6.5, 6.8, 74, 8.0, 8.6 and 9.2). An antibiotic susceptibility test to ten
antimicrobial agents (ampicillin, erythromycin, gentamycin, nitrofurantoi,
neomycin, Polymyxin B, streptomycin, tetracycline, trimethoprim-sulpha and
florphenicol) was carried out as described by Michel et al. (2002).

3.5 Experiments on colony morphology types formed by F.
columnare strains (II, I1I)

Four different colony morphology types (colony types 1-4) are formed among
F. columnare strains on Shieh agar plates under laboratory conditions (Table 2,
Fig. 2 in section 4.2). Formation of colony types was followed in more detail in
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successive Shieh broth and Shieh agar cultures, and also in AO broth and agar
cultures. To study further the colony types formed on Shieh agar, molecular
level studies as well as studies on adhesion, chondroitin AC lyase activity, and
virulence were carried out. For clarity, a certain colony type formed by a strain
belonging to a certain genetic group is designated a strain-colony type variant,
e.g. variant D4, in which the capital letter refers to the genetic group and the
number to the colony type formed by the strain (Table 2).

TABLE 2 Colony types (1-4) formed on Shieh agar in laboratory conditions by
Flavobacterium columnare type strain (NCIMB 2248T) and Finnish F. columnare
strains belonging to different genetic groups. A colony type formed by a
strain belonging to a certain genetic group is called a strain-colony type
variant, in which the capital letter refers to the genetic group and the number
to the colony type formed by the strain. The variants were used in the
experiments in II and III.

Genetic group Original colony type ~ Colony types formed Strain-colony type
of the strain formed by the strain in subcultures variant
A 1 1 Ala
B 3 3 B3 ad
C 1 1 Clabd
D 2 2 D2a
4 D4a
E 1 1 Elabcd
2 E2 ab,cd
F (NCIMB 2248T) 4 4 F4a
G 2 2 G2abed
4 G4 abcd
H 2 2 H2abcd
4 H4 a b,cd
a Variant used in the molecular level and polystyrene adhesion experiments in II
b Variant used in the gill adhesion experiment in II
c Variant used in the virulence experiment in II
d

Variant used in the chondroitin AC lyase activity and all adhesion experiments in III

3.5.1 Genomic analyses and whole cell proteins (II)

Strain-colony type variants were analyzed using ARISA (I, II) to determine
whether differential colony type formation by the strains affected the ARISA
grouping. Possible whole genome differences were analyzed by AFLP (Vos et al.
1995), which detects genetic variation between the colony types also in other
parts of the genome. Finally, whole cell proteins of the variants were extracted
and protein compositions were compared using SDS-PAGE (Tan et al. 1997).
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3.5.2 Adhesion on polystyrene (II, III)

Adhesion capacity of all the strain-colony type variants, with Escherichia coli
strain JM109 as a reference bacterium was tested on 96-well polystyrene plates
(Immuno Plate Maxisorp, Nunc Co., Denmark) (II). Bacterial cells were
incubated on the plates at RT for 2 h, and relative adherence was determined
using a modification of the method of Alvarez et al (2006), which is based on
measuring the absorbance of dissolved crystal violet from stained adhered
bacteria. The growth of bacteria was monitored by measuring the OD of
unstained bacteria incubated on another plate (growth control bacteria).

In III, adhesion of variants B3, C1, E1, E2, G2, G4, H2 and H4 was tested at
5, 15, 20 and 25 °C using the same method as described above. When
determining the adhesion capacities, the growth of bacteria was taken into
account by multiplying the absorbance of dissolved stain with a coefficient
calculated from the OD values of growth control bacteria after 2 h of incubation.

3.5.3 Adhesion on gill tissue of rainbow trout (II)

The outermost gill arches (mean weight 30 mg) were taken from 12 rainbow
trout fry (mean weight of fish 23 g) and exposed to broth cultures of F.
columnare variants C1, E1, E2, G2, G4, H2 and H4. The gill arches were
incubated on a petri dish with bacterial cultures for 2 h at RT under constant
agitation (50 rpm), and the gill arches were homogenized in phosphate-buffered
saline (PBS). Serial dilutions were made from the homogenate and plated on
Shieh agar containing tobramycin, 1 ug ml™ (Decostere et al. 1997). After 2 days
incubation at RT the number of colonies were counted and the adhesion
capacities of the variants determined as CFU ml ! values.

3.5.4 Inhibition of adhesion (III)

To determine whether there are differences between adhesion molecules on the
cell surfaces of F. columnare colony types, adhesion of variants B3, C1, E1, E2,
G2, G4, H2 and H4 was tested on polystyrene after modifying the bacterial
surface with four different substances: hyaluronidase causing hyaluronic acid
breakdown; antibacterial substance polymyxin B which binds acidic
polysaccharides, e.g. bacterial LPS by formign complex with lipid A moiety
(Morrison & Jacobs 1976); sodium metaperiodate oxidizing adjacent hydroxyl
groups; and proteolytic enzyme proteinase K. Bacteria with no modifying
substance were used as untreated controls. Bacteria were incubated for 30 min
at RT (12 min at 25 °C for proteinase K) with the substances after which the
adhesion capacitiy was determined as above taking into account the growth of
bacteria. Adhesion inhibition percentage of each treatment for each variant was
calculated by comparing the treated bacteria with their untreated controls.
Adhesion of the variants B3, C1, E1, E2, G2, G4, H2 and H4 on polystyrene
after incubation with six sugars was tested to determine possible differences
between the colony types in specificity to an adhesion receptor on a fish surface.
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Bacteria were incubated with N-acetylneuraminic acid, N-acetylglucosamine,
mannose, fucose, glucose and galactose, and the adhesion capacities were
determined as above taking into account the growth of bacteria. Adhesion
inhibition percentage of each treatment for each variant was calculated.

As growth of variants treated with sodium metaperiodate and N-
acetylneuraminic acid decreased during the adhesion experiment, the toxicity
of these substances on F. columnare was tested on C1 and E1.

3.5.5 Chondroitin AC lyase activity (III)

Degradation of chondroitin sulphate (ChS, chondroitin sulphate C, Sigma
Chemical Company, Ill. USA), i.e. chondroitin AC lyase activity of the variants
B3, C1, E1, E2, G2, G4, H2 and H4, was determined as described previously
(Teska 1993, Suomalainen et al. 2006) at 5, 15, 20 and 25 °C. Briefly, bacterial
cultures were first pre-incubated on 96-well plates at the four temperatures for
75 min. The substrate was then added to the bacteria, suspensions incubated for
15 min at the temperatures of pre-incubation, and turbidity of wells (as OD at
595 nm) measured with a plate reader. Protein concentrations in bacterial
suspensions were determined with Bio-Rad Protein Assay Kit (Bio-Rad, Inc.)
using bovine serum albumin (BSA) as a standard. Chondroitin AC lyase
activities were expressed as ChS lysed per bacterial protein in a time unit (ug
mg 1 min).

3.6 Saprophyte experiment (IV)

Six rainbow trout (mean weight 16.0 g) were exposed to 5.0 x 106 CFU ml! of F.
columnare strain C in 15-1 plastic tanks. Three of the fish were killed before the
exposure and the other three immediately after it. Three control fish, killed
before the exposure, were exposed to sterile Shieh broth. After the exposure,
fish were transferred individually into 3-1 tanks containing static well water (20
°C). The tanks were replaced with tanks containing fresh water twice a day
during the first 3 days, and once a day thereafter. Bacterial shedding was
measured from the water by plate counting immediately after removal of the
fish and expressed as CFU ml-.

3.7 Transmission experiment (IV)

Five rainbow trout (“donor fish”) (mean weight 16.0 g) were exposed to F.
columnare strain C as described in section 3.6 and three control fish were
exposed to sterile Shieh broth. After the challenge, the fish were transferred
individually to separate tanks receiving fresh well water (flow rate 6.5 1 h-1, 25
°C). Each tank was connected to another tank by water flow downstream (for
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experimental setup, see Fig. 1 in IV), and an uninfected rainbow trout
(“recipient fish 1”) was placed in this tank. After the donor fish died, the water
flow to the recipient 1 was closed and redirected to a new tank containing a
new recipient fish (recipient 2) for 24 h. After this, water flow was again
disconnected and recipient fish 3 was connected to the donor fish for the next 24
h. The connection between donor fish and recipient fish 3 was closed after 24 h
exposure, and recipient fish 4 was connected to the donor fish for the following
24 h. Survival of the recipient fish was monitored for one week. Bacterial
shedding from the living, and later dead, donor fish was measured from the
water at 12 h intervals by plate counting and expressed as CFU ml-1.

3.8 Survival in water (IV)

Survival of F. columnare strain C in water was studied using sterilized distilled
and lake water. Bacterial culture (1 ml) was inoculated to water (29 ml) to adjust
final bacterial concentration to 8.8 x 10 CFU of bacteria ml? in triplicate 50-ml
sterile tubes. The tubes were kept in a dark cabinet at RT. The survival of
bacteria in the water was monitored by plate counting on days 0, 1, 3, 7, 10, 14,
21, 35, 50, 62, 93 and 149 after inoculation.

3.9 Immunostimulant experiments (V)

Three trials were carried out to study the effects of administration of immune
stimulatory agents on the immune status of rainbow trout fingerlings and
resistance of fish against columnaris disease. In Trial 1 the fish received a
formulated diet containing yeast B-glucan, in Trial 2 the fish were
intraperitoneally injected with yeast B-glucan, and in Trial 3 the fish were fed
with pelleted trout feed with added leucine metabolite hydroxymethylbutyrate
(HMB). At the end of all the trials, functional immune parameters of the fish
were determined and the fish bath challenged with F. columnare.

3.9.1 Trial 1: Feeding with yeast B-glucan

The fish (mean weight at start 8.8 g) received a formulated diet with varying
concentrations of yeast B-glucan (Macrogard, Biotec Pharmacon ASA, Norway):
0.0, 0.2, 0.6 or 1.8% of feed. For each concentration of glucan four replicate 50-1
glass aquaria (n = 25 fish in each, 18 °C) were set up. The fish were fed with
glucan-supplemented feed for 21 days, and sampled for determination of their
innate immune functions on days 7, 14 and 21 (n = 8 fish in each treatment level
and time). The remaining fish (n = 66 fish per treatment) were bath-challenged
on day 22.
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3.9.2 Trial 2: Injection with yeast B-glucan

The fish (mean weight at start 11.4 g) were injected with yeast B-glucan. Based
on results from a pilot study (for details of the pilot study, see V), fish received
intra peritoneally 1 mg of glucan in 100 ul of sterile PBS, or PBS only as a
control. Ten replicate 50-1 glass aquaria (n = 17 fish in each, 18 °C) were set up
for both treatments. Innate immune function parameters were determined on
day 11 (n = 18 fish in each treatment), and the rest of fish (n = 152 fish per
treatment) were bath-challenged on day 14 post injection.

3.9.3 Trial 3: Feeding with f-hydroxy-B-methylbutyrate (HMB)

The fish (mean weight at start 4.7 g) received feed supplemented with 0, 25 and
50 mg kg1 body weight day-! of B-hydroxy-B-methylbutyrate (HMB, Metabolic
Technologies, Inc., USA), a leucine metabolite. The fish were placed in 4
replicate aquaria (n = 40 fish in each, 16 °C) per treatment level. The fish were
fed 21 days after which innate immune parameters (n = 8 fish in each treatment)
were assayed. Rest of the fish (n = 152 per treatment) were bath-challenged on
day 22.

One group of fish (n = 40) received a 21-day prophylactic course of OTC
(125 mg kg'! body weight day?) in order to study the effectiveness of the
antibiotic treatment against the strain C of F. columnare used for infections in all
the trials. These fish were challenged simultaneously with HMB-fed fish.

3.9.4 Determining the immune status of fish

At the end of the trials, immune parameters representing the innate
(nonspecific) branch of defence were determined: plasma lysozyme activity,
plasma complement bacteriolytic activity, ROS-production by whole blood and
isolated head kidney leukocytes. Fish were anesthetized and a blood sample
taken. Plasma was separated and frozen (-70 °C) until analyzed. The head
kidney was removed and homogenized in heparinised Hanks’s balanced salt
solution (HBSS) supplemented with 2 % FCS (Gibco). The head kidney
leucocytes were isolated with a two-step Percoll density gradient (Pharmacia
LKB Biotechnology AB, Sweden) using a modification of a procedure published
earlier (Harrell et al. 1976), and the number of leucocytes was adjusted.

Complement activity was determined using a modification of a method
published earlier (Nikoskelainen et al. 2004). Plasma (0, 1, 2 and 4 ml) and PBS
were mixed to a volume of 50 pl and suspended with an equal volume of
suspension of Escherichia coli KL12 pEGFL LucAmp indicator bacteria
(containing a reporter gene for luciferase) on microplates. After incubation for
90 min, D-luciferin (Sigma) was added and luminescence measured with
Victor? 1420 Multilabel Counter (Wallac, Finland). The luminescence data were
converted to bacterial viability percentage and bacteriolytic activity was
calculated.
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Plasma lysozyme activity was determined with a turbidometric microplate
assay (Jokinen et al. 2003) using a suspension of Micrococcus lysodeicticus
(Sigma) as the substrate. The turbidity (OD at 450 nm) in wells was monitored
for 30 min at 1 min intervals with a Victor? 1420 Multilabel Counter. The plasma
lysozyme activity was expressed as Units ml?1 (U ml?! = 1000 x A OD min ml?).

Production of ROS by whole blood and isolated head kidney leukocytes
was determined at 24 °C on 96-well microplates. The reaction was stimulated
with phorbol 12-myristate 13-acetate (PMA), enhanced with luminol, and
measured using a modification of a chemiluminescence method (Nikoskelainen
et al. 2004, Markkula et al. 2005). One hundred pl of isolated head kidney
leucocytes, or heparinised whole blood diluted 1:300 with HBSS, was dispensed
on plate, luminol (Sigma) added, and the reaction started with PMA (Sigma).
The luminescence was measured (Plate Chameleon, Hidex, Finland), and the
peak luminescence value determined.



4 RESULTS AND DISCUSSION

4.1 Finnish Flavobacterium columnare strains (I)

4.1.1 Genetic properties

The Finnish F. columnare strains did not differ from each other or from the F.
columnare type strain according to LH-PCR analysis of partial 165 rDNA or 165
rDNA RFLP analysis. All the strains yielded a 517 bp PCR product in LH-PCR,
which may indicate that this length is characteristic for the pathogen. All the
strains also had similar restriction profiles with each other (results not shown).
Thus, according to the classification based on 165 rDNA RFLP analysis by
Triyanto and Wakabayashi (1999), Finnish F. columnare strains together with the
type strain belong to the genomovar I among genomovars [-III of F. columnare
strains isolated from different parts of the world. So far all the F. columnare
strains isolated from Europe have belonged to genomovar I (Triyanto &
Wakabayashi 1999, Michel et al. 2002). Furthermore, most of the Finnish strains
and the type strain have been isolated from salmonids. Based on the results of
Michel et al. (2002) there is little chance that the genomovar II would infect any
salmonid fish. Host specificity of F. columnare genomovars was also detected by
Olivares-Fuster et al. (2007a), who reported an association between genomovar
I and threadfin shad (Dorosoma pretenense), and between genomovar II and two
catfish species, channel catfish (I. punctatus) and blue catfish (I. furcatus).
Genomovar III includes strains isolated from ayu fish (Plecoglossus altivelis) in
Japan and channel catfish in the USA (Triyanto & Wakabayashi 1999, Darwish
& Ismaiel 2005).

Based on ARISA profiles, Finnish F. columnare strains could be divided
into seven different groups, with the type strain representing an eighth group
(genetic groups A—H, see Table 1). ARISA reveals the number of 165-23S ISR
regions of different length, which, however, does not always correlate with the
total number of ISR copies in the bacterial genome. Among Finnish strains, one
to three ISR regions of different length were detected. Arias et al. (2004) used
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sequence analysis of ISR region to type F. columnare isolates from USA and
Brazil belonging to genomovars I and II. They detected four genomic groups
among the strains, but the result was based on only one copy of the ISR
sequence from each strain. Sequencing may give a misleading result if the
number of the ISR sequences is not taken into account. Thus, ARISA and RFLP
of ISR are more convenient subtyping methods, as the results are repeatable
and not affected by the number of ISR copies. Using these methods Darwish &
Ismaiel (2005) could subdivide the strains isolated from the USA and belonging
to genomovars I and II into two groups in each genomovar.

Most of the Finnish F. columnare strains fell into genetic group A, while
there was only one strain in each of the genetic groups B, D and G. Strains
belonging to genetic groups A, C, E and H were isolated from different
salmonid species, and one strain belonging to the genetic group H also from
non-salmonid species. This was not surprising, because F. columnare strains
belonging to genomovar I have previously been isolated from both salmonids
and non-salmonids (Triyanto & Wakabayashi 1999, Michel et al. 2002, Olivares-
Fuster et al. 2007a). More interesting was that three genetic groups were
isolated from a disease outbreak at the same farm. A similar phenomenon has
been reported by others, as different F. columnare genomovars and F.
psychrophilum ribotypes have been isolated from the same outbreak or at the
same time from broodfish and fry (Triyanto et al. 1999, Madetoja et al. 2001,
Madsen et al. 2005). Because F. columnare exists in natural waters, the presence
of several genotypes might be a common phenomenon for this bacterium and
may contribute to the continuous nature of the outbreaks (Rickard et al. 2003,
Revetta et al. 2005, Pulkkinen et al. 2010). Furthermore, the co-existence of
genetically different pathogen strains may lead to increased virulence (e.g. Read
& Taylor 2001), and indeed the genetic groups of Finnish F. columnare strains
have been shown to differ from each other in virulence (Suomalainen et al.
2006).

The 165 rDNA sequence analysis of representatives of the genetic groups
showed a genetic proximity of the Finnish strains; the 1329 bp continuous
sequences assembled and used to create a neighbour-joining tree revealed a
highly homologous group of Finnish strains that differs from the strains
isolated from other parts of the world. Finnish strains cluster with the strain
IFO 159437 that is derived from the type strain NCIMB 22487 (IAM 14301)
(Nakagawa et al. 2002), and should thus cluster with the type strain. This
unexpected difference could be explained by an error in sequencing or by the
existence of multiple 165 rDNA copies with sequence differences in the type
strain. In a study by Tiirola et al. (2002a), 165 rDNA sequences amplified
directly from diseased fish clustered with the F. columnare type strain, but
formed a separate group, which is a similar result as obtained in the present
study.
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4.1.2 Growth features

Representative strains of 7 genetic groups were able to grow at all the
temperatures tested (17.0-27.4 °C), but in each strain there were differences in
growth rates between the temperatures. Although in most of the strains the
growth rate increased with temperature, there were differences between the
strains at different temperatures. Variation in growth ability at different
temperatures has been observed between different F. columnare strains in other
studies, and some strains have been shown to grow at temperatures over 30 °C
(Bernardet 1989, Decostere et al. 1998). In only two of the Finnish strains (E and
H) did the growth rate start to decrease above 25 °C, which indicates that in the
Finnish strains the optimal growth occurs in the same temperature region
(25-30 °C) as in F. columnare strains isolated from other parts of the world
(Decostere et al. 1998). High water temperature is associated with higher
mortality during columnaris infection (Snieszko 1974), although this may not be
a consequence merely of an increased growth rate. For example, according to
Suomalainen et al. (2005b) transmission of F. columnare is also higher at elevated
temperatures.

Salt concentration and pH had significant effects on the growth rate of the
Finnish strains. The strains were able to grow at pH 6.8 to 9.2, but the growth
was inhibited in more acidic conditions. The growth rate decreased with
increasing salt concentration and growth stopped at a concentration of 0.1 %, at
which only strain A showed some growth. There were also differences between
the strains in other salt concentrations. The type strain, however, was not
affected by the salt concentration and its growth was inhibited only at pH 6.2.
Based on these results, and due to the external nature of the columnaris disease
(Bernardet 1997), acidic or salt bathing could provide a potential prevention or
treatment method for F. columnare infection. Indeed, rearing fish in salinities
between 3 and 9 %. was found to inhibit columnaris infection (Altinok &
Grizzle 2001), and columnaris disease has not been reported to occur in
seawater or in brackish water areas (salinity between 2 and 7 %o) around
Finland. In an experimental infection with Finnish F. columnare strains,
however, neither acidity nor salinity gave protection against the infection,
although salinity did significantly decrease the transmission rate of the
columnaris disease (Suomalainen et al. 2005c). Thus, the use of antibiotics for
curing columnaris infections at Finnish fish farms is still the most effective
option. Tetracycline, and florfenicol if tetracycline-resitant strains should occur,
is recommended as the treatment by The Ministry of Agriculture and Forestry
in Finland (Anon. 2009). Use of antibiotics is also supported by the results in I,
as Finnish strains were sensitive to most of the antimicrobial agents tested.
However, the observed intermediate resistance of strains A, E, G and H to
neomycin, and intermediate resistance of strain A and complete resistance of
strains C, E, G and H to Polymyxin B predict possibility of emergence of
resistant F. columnare strains in the future also to other antibiotics. Therefore it is
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of great importance to study other possible treatment methods for columnaris
disease to be used at Finnish fish farms.

4.2 Colony types formed by Finnish F. columnare strains (II, III)

Four different colony morphologies (colony types 1-4) are formed among
Finnish F. columnare strains on Shieh agar in laboratory conditions (Table 2 in
section 3.5, Fig. 2). Colony type 1 forms rhizoid colonies and is flat with a
yellow centre. Colony type 2 is hard, more orange in colour, non-rhizoid or only
slightly rhizoid, and has irregular edges and a convex growth form. Colony
type 3 has round edges and a smooth, yellowish appearance. Colony type 4 is
white or light yellow and smooth with an irregular shape. Differential colony
type formation also occurred on AO agar, but the appearance of colonies
differed to some extent from those formed on Shieh agar. For example, the
colonies formed on AO agar were more spreading and grew so close to each
other that they could not be clearly separated. The difference between colonies
formed on these two media may be caused by the lower amount of nutrients in
AO medium compared to Shieh medium. Colony types formed on Shieh agar
were chosen for further studies.

FIGURE2  Colony types 1-4 of Flavobacterium columnare formed on Shieh agar plate
cultures in the laboratory. Diameter of the colonies varies between 1 to 6 mm.

Formation of different colony morphologies between F. columnare strains and
also in subcultures has been detected previously (Song et al. 1988, Bernardet
1989, Bader et al. 2005), but no studies have been conducted to clarify the
reasons behind this phenomenon. Overall, change in colony morphology is not
a rare phenomenon; it occurs in many human and animal bacterial pathogens.
For example, colony morphology variation between translucent and opaque
colony types is observed in both Vibrio parahaemolyticus and V. vulnificus,
whereas Mycobacterium avium represents smooth and rough colony types
(Simpson et al. 1987, Kansal et al. 1998, McCarter 1998). Closer relatives of F.
columnare, F. succinicans, F. johnsonae and F. psychrophilum, have also been
reported to form different colony morphologies (Anderson & Ordal 1961,
Chang et al. 1984, Bernardet & Kerouault 1989).
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4.2.1 Genetic basis of differential colony formation (II)

No differences in ARISA, AFLP or whole cell protein profiles were detected
between the different colony type variants of the same strain, which suggests
that no changes in genomic sequence or protein composition are involved in the
colony type change in F. columnare. However, these methods provide a limited
survey of the whole genome and of gene expression products. Using, for
instance, SSCP and SSH, and studying outer membrane proteins (OMP) or cell
surface LPS might have given some differences between the colony types (e.g.
Zhang et al. 2000, Zhang et al. 2006, Olivares-Fuster et al. 2007b). Different
colony morphologies of F. psychrophilum have been shown to differ in their
whole cell protein, OMP and ECP profiles, and the rough mutant of Edwardsiella
ictaluri differs from its smooth parent in LPS composition (Arias et al. 2003,
Hogfors-Ronnholm et al. 2009). Differential colony formation of both V.
vulnificus and V. parahaemolyticus, on the other hand, correlates with the
production of capsular polysaccharide (CPS) (Yoshida et al. 1985, Enos-Berlage
& McCarter 2000).

Several factors could lead to the formation of different colony
morphotypes by F. columnare. One is a phenomenon called phase variation.
Phase variation was thought to be a random event occurring in a bacterial
population producing subpopulations of different phenotypes as a consequence
of heritable genomic changes, like DNA inversions, recombinational deletions
or differential DNA methylation (Henderson et al. 1999). Variation is
considered antigenic variation if the change results in antigenically distinct
subpopulations and is involved in avoidance of immune selection (van der
Woude & Bdumler 2004). However, growing evidence suggests that phase
variation is not always a random event, but rather a response to an
environmental change and caused by change in gene expression allowing
bacteria to adapt the surrounding environment (van der Woude 2006). Change
is caused by a reversible on/off switch in the expression of one or more genes,
but irreversible phase variation has also been detected (van der Woude &
Bdaumler 2004, Hilton et al. 2006). In the present study, change of colony
morphology in F. columnare was found to be irreversible.

Change in gene expression can be triggered by intra- or extracellular
activators or inhibitors, such as temperature or signalling molecules received
from the environment (Ratiner 1999, van der Woude & Baumler 2004). These
molecules can be related to bacterial quorum sensing, which has a central role
in phase variation. Quorum sensing is a chemical signalling system used by
bacterial populations in response to cell density to control a variety of functions
via regulation of gene expression. It is suggested that, within a host, quorum
sensing bacteria delay the production of virulence factors until the population is
large enough to cause an infection (Bassler 1999). Besides chemicals produced
by bacteria, molecules received from a host can also affect behaviour of
bacterial populations (Daniels et al. 2004, Gonzalez & Keshavan 2006). Quorum
sensing in V. cholerae is known to function in the infection process and in
control of virulence gene expression (Zhu et al. 2002, Higgins et al. 2007).
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Quorum sensing has not been studied in F. columnare, but in F. psychrophilum no
evidence of quorum sensing was detected when the acylated homoserine
lactone (AHL) -based signalling system was examined (Bruhn et al. 2005).
However, several other quorum sensing systems are known in addition to
AHL-based signalling, such as autoinducer 2 and 3, cyclic dipeptides,
bradyoxetin and diffusible signal factor (Bassler 1999). Moreover, quorum
sensing systems and/or signals have been found in some fish pathogenic
bacteria, such as V. anguillarum, A. hydrophila, Aeromonas salmonicida, Vibrio
harveyi, Edwardsiella tarda and Y. ruckeri (Milton et al. 1997, Swift et al. 1997,
Freeman & Bassler 1999, Morohoshi et al. 2004, Bruhn et al. 2005). Thus, the
possible involvement of quorum sensing system in regulating colony
morphology and virulence of F. columnare can not be excluded.

Colony type variation may occur also in a less controlled manner. Clonal
microbial populations contain cells with phenotypic heterogeneity (i.e. variable
degrees of virulence, resistance to antimicrobial treatments, and capacity to
differentiate) with certain genes being expressed non-uniformly across the
population (Avery 2006, Dubnau & Losick 2006). This allows bacterial
pathogens to adapt to environmental changes with selection favouring the
subpopulation of the cells best fitting the circumstances. It is possible that
various colony types are constantly expressed by F. columnare, and that
environmental conditions (in the laboratory and probably also in the host)
determine the colony morphology favoured in different situations.

What is the biological meaning of differential colony morphology
formation by F. columnare? From fish challenged with strain-colony type variant
El, colony types 2 and 4 in addition to colony type 1 were isolated from
primary cultures. This suggests that different colony types may have different
roles in the infection process of columnaris disease, but whether they are
formed by phase variation, quorum sensing or environmental selection of
existing subpopulations can not be evaluated. However, it is known that,
especially in an animal host, the host environment can drive selection against a
particular phenotype of a bacterium, which can result in a different phenotype
for cells cultured in the laboratory and those isolated from the host (van der
Woude & Baumler 2004). Indeed, both phase variation and quorum sensing are
considered important tools of pathogenic bacteria to evade innate and acquired
immune defence mechanisms during colonization or infection of animal host
(Bassler 1999, van der Woude & Baumler 2004, Gonzalez & Keshavan 2006, van
der Woude 2006), because adaptation of pathogen to growth and survival
within the host, and transition to and from external reservoir, require regulation
of expression of virulence factors (Miller et al. 1989).

Results in II suggest that formation of different colony types in F.
columnare occurs as a response to a change in growth environment, and is a
consequence of a change in gene expression or selection of bacterial cells
expressing favoured genes rather than a mutation in a genome. Gene
expression was not determined in the present study, but SSH could have been
used for that (Flemming et al. 2009, Garbeva & de Boer 2009). However, one
effect of environmental change, a change in nutrient conditions, could be seen
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in this study as different colony formation on AO and Shieh agars. This has also
been detected in Vibrio vulnificus and Neisseria gonorrhoeae, in which the change
in colony morphology was caused by phase variation as a response to
starvation (Stohl & Seifert 2001, Chatzidaki-Livanis et al. 2006). Furthermore, it
has been suggested recently that Flavobacterium johnsoniae like isolates exhibit
distinct phenotypes and genotypes which are associated with the ability to form
biofilms, and that gene expression is significantly altered when the isolates
switch from the free-living to the attached lifestyle (Flemming et al. 2009). It is
possible that differential colony formation by F. columnare may aid the
bacterium to persist at fish farms and cause the infection in favourable
conditions. However, suggested mechanisms and reasons behind production of
different colony types need to be verified in the future.

4.2.2 Relationship between virulence (II), adhesion (II, III) and chondroitin
AC lyase activity (III) of the colony types

A relationship between colony morphology variation and virulence has been
shown in many pathogenic bacteria (see e.g. Simpson et al. 1987, van der
Woude & Biaumler 2004). For example, fish pathogenic V. vulnificus bacteria
with translucent colony type are less virulent than bacteria exhibiting opaque
colonies, and isolates of human pathogen M. avium forming rough colonies are
more virulent than isolates with smooth colonies (Yoshida et al. 1985, Kansal et
al. 1998).

Finnish F. columnare strains belonging to different genetic groups have
been shown to differ from each other in their virulence (Table 3). In II, it was
shown that only the strain-colony type variant E1 forming rhizoid colonies was
highly virulent in the challenge experiment while the other variants were of low
virulence (Table 3). Variants B3 and C1 have previously been shown to be of
low and high virulence, respectively (own unpublished data). Rhizoid or
spreading growth form is an indication of gliding motility in F. columnare, and
also in its close relatives F. johnsoniae and F. psychrophilum (Chang et al. 1984,
Bernardet & Kerouault 1989, Bernardet et al. 1996, Staroscik et al. 2008). Gliding
motility has been studied extensively in F. johnsoniae, and disruption of any
gene involved in gliding has been shown to lead to formation of non-spreading
colonies (e.g. McBride 2004, Rhodes et al. 2009). Furthermore, in a mutant strain
of F. psychrophilum, the loss of gliding motility leads to non-spreading colonies
and decreased virulence (Alvarez et al. 2006). This mutant, however, was also
deficient in extracellular proteolytic activity. Hogfors-Rénnholm et al. (2009)
recently isolated a spontaneously-formed, non-motile, non-virulent and
caseinase-negative variant of F. psychrophilum. In the present study neither
proteolytic nor caseinase activity was studied, and it is not known how the
change in colony morphology is associated with these properties of F.
columnare.

Virulence of the strain-colony type variants was not related to their
adhesion capacity on polystyrene or gill tissue (see Table 3). Variants forming
colony type 2 were the most adherent on polystyrene, followed by rhizoid
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colony type 1, then by type 3 and finally by variants forming type 4. On gill
tissue, the most adherent variant was G4. This may indicate that the adhesion
factors of F. columnare in polystyrene adhesion are different from those in gill
tissue adhesion. On the other hand, F. columnare bacteria in the aquatic
environment are able to form biofilms on inorganic materials (Rickard et al.
2003, Revetta et al. 2005), and it has been suggested that pathogenic bacteria
with environmental reservoirs use the same adhesion mechanisms when
interacting with different substrates (Tarsi & Pruzzo 1999). Thus, it is justified to
use polystyrene adhesion as an indicator of the general adhesion capacity of F.
columnare.

The relationship between virulence and adhesion capacity of F. columnare
has also been studied earlier. No connection was found between adhesion on
crude mucus-coated slides and virulence of the Finnish strains (Suomalainen et
al. 2006). On the other hand, Bader et al (2005) reported that a less virulent F.
columnare mutant forming smooth colonies was significantly less adherent both
on skin and gill tissue of channel catfish (I. punctatus) than the wild type strain,
which formed hard colonies with finger-like projections and which may have
resembled our rhizoid colony type 1. Also Decostere et al. (1999a) have shown a
connection between adhesion on gill tissue and virulence of an F. columnare
strain.

Decostere et al. (1999a) reported that adhesion on gill arches by a highly
virulent F. columnare strain is enhanced by increased temperature. This result
contradicts that reported in III, as none of the variants was the most adherent at
the highest temperature tested (25 °C), although temperature had a significant
effect on the adhesion of all the variants. Moreover, the most virulent variants
C1 and E1 (see Table 3) were not more adherent than other variants at any
temperature. Result from the adhesion and virulence experiment on Finnish F.
columnare strain-colony type variants indicate that, even though adhesion
capacity is essential to initiate the columnaris infection, it is not the main factor
defining virulence in F. columnare. Also the porperty of forming rhizoid colonies
is needed to achieve high virulence.

No trends in chondroitin AC lyase activity profiles were observed
between the temperature and the variants forming the same colony type, and
only E1 and E2 showed increasing activity as the temperature increased. This
contradicts the previous studies, in which chondroitin AC lyase activity of F.
columnare increased along with the temperature (Teska 1993, Suomalainen et al.
2006). A different assay procedure may account for this discrepancy.
Suomalainen et al. (2006) showed that chondroitin AC lyase activity is
connected to the virulence of the genetic groups of Finnish F. columnare strains.
When the average lyase activities at four temperatures were considered in III,
two groups could be clearly separated: C1, E1, E2, G2 and G4 with high
chondroitin AC lyase activity, and B3, H2 and H4 with low activity (Table 3).
However, only C1 and E1 have been defined as high virulence variants whereas
B3, E2, G2, G4, H2 and H4 are of low virulence. Based on this it is suggested
that decreased virulence of a strain-colony type variant within a genetic group
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is not a consequence of a decreased chondroitin AC lyase activity, but a result
of a change in colony morphology of a strain to a non-rhizoid type. Even
though chondroitin AC lyase activity has been shown to be related to the
virulence of F. columnare, it solely is not enough to cause high virulence in F.
columnare, but also rhizoid growth form is required.



TABLE 3 Summary of the representatives of genetic groups and strain-colony type variants of Flavobacterium columnare (letter refers to genetic 2
group and number to colony type), and their virulence, adhesion capacity on polystyrene and chondroitin AC lyase activities (I-1II).
For comparison F. columnare type strain (NCIMB 22487) is included to the table. + low, ++ intermediate, +++ high, ND not
determined; mortality caused by low virulence variant = 0 — 19 % and high virulence variant = 60 — 100 % (own unpublished data,
Suomalainen et al. 2006, II); adhesion on polystyrene (absorbance at 595 nm): high > 0.035, 0.020 < intermediate < 0.035, low < 0.020
(I); chondroitin AC lyase activity (chondroitin sulphate lysed bacterial protein! time unit!, pg mg! min?): high > 500, 200 <
intermediate < 500, low < 200 (I1I).

Genetic group Virulence of the  Strain-colony Virulence of the Adhesion on polystyrene of ~Chondroitin AC lyase activity
of the strain studied strain type variant  strain-colony type variant  strain-colony type variantc of strain-colony type variant d
A +++a Al ND +++ ND
B +a B3 +a + +
C +++ b C1 +++2a ++ +++
D +b D2 ND +++ ND
D4 ND + ND
E +++ b E1l +++c ++ +++
E2 +c +++ ++
F (NCIMB 2248T) +b F4 ND + ND
G +++Db G2 +c +++ +++
G4 +c + +++
H +b H2 +c +++ +
H4 +c + +

own unpublished data
(Suomalainen et al. 2006)
I

I

n (o

o
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4.2.3 Inhibition of adhesion (III)

Association with a host is mediated by bacterial cell surface adhesion molecules
binding on specific receptors on the host tissue. These adhesion structures have
been studied in pathogenic bacteria by inhibiting the adhesion by treating
bacteria with sugars that mimic host receptors or with agents that modify cell
surface (e.g. Simon et al. 1997, Hamilton et al. 1998, Wang & Leung 2000,
Thomas & Brooks 2004). Treatment of F. columnare with sodium metaperiodate,
incubation of bacteria with glucose, N-acetylglucosamine, galactose and
sucrose, and treatment of gill tissue with sodium metaperiodate have been
shown to reduce the adhesion of bacteria on the gill tissue of carp (Cyprinus
carpio L.) (Decostere et al. 1999c¢). Also in F. psychrophilum, treating bacteria with
sodium metaperiodate and trout kidney phagocytes with N-acetylneuraminic
acid, decreased the association of F. psychrophilum with the phagocytes
(Wiklund & Dalsgaard 2003). In another study, hemagglutination activity of F.
psychrophilum was inhibited by treating bacterial cells with proteinase K and N-
acetylneuraminic acid (Meller et al. 2003). It was concluded that both F.
columnare and F. psychrophilum bind to host cells with a lectin-like bacterial
surface structure, and that a major component of a host cell receptor is of
carbohydrate nature, N-acetylneuraminic acid in case of F. psychrophilum.

In III, the effect of cell surface modification on adhesion capacity of the
variants was not clearly related to the colony type. Only colony type 4 variants
G4 and H4 reacted similarly to all treatments. In most of the variants,
modification of the cell surface with polymyxin B, sodium metaperiodate and
proteinase K significantly decreased the adhesion on polystyrene. However,
sodium metaperiodate was found to be toxic to F. columnare, which was seen
both from growth in plate cultures and turbidity measurements on microplates.
Reduced growth of F. columnare after sodium metaperiodate treatment has also
been detected earlier, and treatment has been shown to affect the viability of
Actinobacillus pleuropneumoniae as well (Decostere et al. 1999¢, Van Overbeke et
al. 2002). The decrease in adhesion after polymyxin B treatment suggests that
the adhesion molecules of F. columnare strain-colony type variants may be LPS
or some other molecules of a carbohydrate nature (see Morrison & Jacobs 1976).
It has been shown earlier that LPS composition differs between high and low
virulence strains of F. columnare (Zhang et al. 2006). In the present study,
polymyxin B did not decrease the adhesion of low virulence G4 and H4, which
may be due to a weak adhesion capacity of these variants or to different
adhesion molecules compared to the variants forming other colony types.
Decrease in adhesion after proteinase K treatment, on the other hand, would
suggest that the adhesion molecule is of a protein nature. However, it is
probable that there are several types of adhesion molecules in F. columnare
strain-colony type variants which are both of carbohydrate and protein nature.
Still, the adhesion mechanisms of variants forming colony type 4 may be similar
to each other and differ from those of other colony types. As no differences in
whole cell protein SDS-PAGE patterns were detected between the strain-colony
type variants in II, difference in adhesion between colony type 4 and other
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colony types may be caused by differential cell surface carbohydrate
composition.

What remains an open question is whether there are differences between
the colony types in specificity for fish surface receptors, as no connection
between inhibition of adhesion with sugars and the colony type of the F.
columnare variant was found. The effect of sugar treatments varied between
variants; some sugars significantly inhibited the adhesion of some variants, and
enhanced the adherence of others. Genetic differences between the variants may
have affected the outcome of the experiment. N-acetylneuraminic acid was the
only sugar significantly reducing the adhesion of all the variants, but this
substance was also found to be toxic to F. columnare. A negative effect on
viability has also been seen in E. coli and Haemophilus influenzae in which
accumulation of intracellular sialic acid (N-acetylneuraminic acid) inhibits
growth (Vimr & Troy 1985, Johnston et al. 2007). However, in the present study,
the adhesion profiles of G4 and H4 were similar after sugar treatments, which
further supports the suggestion that adhesion factors of colony type 4 differ
from other colony types.

4.3 Saprophytic life style and transmission properties of F.
columnare (IV)

In aquaculture, some fish die due to bacterial and ectoparasite infections and
may lie unnoticed at the bottom of the tanks or ponds (Valtonen & Kerédnen
1981, Rintamaiki-Kinnunen & Valtonen 1997). These fish can serve as an
infection source, as has been shown for a protozoan Paraemoeba pemaquidensis
and a monogenean ectoparasite Gyrodactylus salaris (Douglas-Helders et al.
2000, Olstad et al. 2006). Survival of F. columnare outside its living host has not
been studied experimentally and transmission of the bacterium is poorly
understood. However, to improve information regarding the infection sources
of columnaris disease at fish farms, these issues need to be clarified.

Living fish challenged with F. columnare (IV) shed bacteria into the water
over 5 days, but post mortem challenged fish over 8 days. The shedding rates of
fish infected post mortem were on average 10 times higher than in fish infected
alive on days 1 to 5 (and 200 to 2000 times higher thereafter). This suggests that
in addition to being a pathogen, F. columnare can also live as a saprophyte.
Saprophytism has also been suggested for other fish pathogens, like F.
psychrophilum, F. branchiphilum and Aeromonas salmonicida, but transmission of
the disease to a living host was not confirmed (McCarthy 1977, Madetoja et al.
2000, Bernardet & Bowman 2006). In a transmission experiment described in IV,
columnaris disease transmitted to a living host more efficiently from dead than
from living fish. To my knowledge, this has not been previously reported in fish
pathogenic bacteria. Higher transmission rate is most probably a consequence
of observed higher bacterial shedding rates from dead than from living donor
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fish. However, the immune status of the fish may also affect the transmission
success. Indeed, despite a high shedding rate, one donor fish failed to infect the
next host. It may also be that epigenetic inheritance affected the F. columnare
bacteria shed from this donor fish (e.g. Knell et al. 1996). Strong
immunocompetence may epigenetically alter the shed bacteria such that genes
needed for pathogenic feeding are not expressed, the pathogen is not able to kill
the host, and thus the disease is not transmitted. Colony type formation was not
studied in transmission or saprophyte experiments. However, if colony types
have different roles in the infection process of F. columnare and aid preservation
of bacterium at fish farms, as suggested above, it is possible that they are also
involved in transmission of columnaris disease.

Persistence of F. columnare in pond water at a rainbow trout farm during a
columnaris outbreak has been detected (Dr. L.-R. Suomalainen, University of
Jyvéaskyld, unpublished). The source of bacteria was most likely the decaying
fish at the bottom, as incoming water contained no F. columnare, and one dead
fish from the pond was found to be shedding thousands of F. columnare bacteria
I h-1. The capacity for sustained survival outside fish hosts allows F. columnare
to persist at farms during antibiotic treatment, and when fish are removed from
the tanks, increasing transmission success. Water, as a physical environment,
aids the transmission of the pathogen.

F. columnare was able to survive in both sterile lake and distilled water for
5 months in laboratory conditions (IV). However, the experiment was
continued for 19 more months after which living F. columnare cells could still be
isolated even though a decline in the population was detected during this
period (own unpublished data). During the experiment, the studied strain C
started to form type 2 colonies in addition to type 1 colonies. This may be an
indication of saving metabolic resources as a response to starvation, as
maintaining a rhizoid growth form may require more energy than a non-
spreading growth form. It is likely that F. columnare uses dead bacterial cells as
a nutrient source to maintain growth for a long time. F. columnare has also been
reported to lyse Escherichia coli cultures and Giardia intestinalis cysts (Song et al.
1988, Revetta et al. 2005). This implies that F. columnare may be a generalist
surviving in variety of freshwater environments and exploiting different hosts,
possibly also transmitting from them. The ability to live in water without a host
may reflect the history of F. columnare as a normal, non-pathogenic freshwater
bacterium which also has a saprophytic way of life. It may also be that
saprophytism has been used by F. columnare as a transition stage from a
harmless aquatic bacterium to a pathogen, and has been maintained as
transmission and survival strategy because of the high benefits. Indeed, living
as a saprophyte will benefit F. columnare. Usually, pathogen fitness is decreased
by pathogen-induced mortality; high reproduction rate of the pathogen may kill
the host before the pathogen is able to get transmitted and reproduction of the
pathogen stops when the host dies (Anderson & May 1982). This trade-off is
generally believed to drive the evolution of pathogens towards intermediate
levels of virulence (e.g. Frank 1996). However, if killing the host causes no costs
for the pathogen, higher levels of virulence may develop.
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This is probably true for F. columnare, as problems related to columnaris
disease have significantly increased during the past 20 years at Finnish
salmonid farms (Rimaila-Pdrndnen 2003, Eskelinen 2009, Pulkkinen et al. 2010).
At the same time, the number of antibiotic treatments has increased and
symptoms of columnaris disease have become more lethal. The finding that
more than one genetic group of F. columnare can co-exist during an outbreak at
a fish farm (I) may have contributed to the columnaris infections becoming
more severe. Competition between genetically different strains increases the
transmission of highly virulent strains, increasing the probability of outbreaks
(de Roode et al. 2005a, 2005b, Bell et al. 2006). The saprophytic lifestyle of F.
columnare may allow increased potential for competition and, together with the
ability to survive for a long time outside fish in fresh water, aid the persistence
of bacteria in fish farming conditions. This may promote the evolution of highly
virulent F. columnare strains.

44 Immunostimulation of rainbow trout against columnaris
disease (V)

4.4.1 Effect on immune status

The first line of immune defence, determined as values of immune function
parameters essential in innate protection against bacterial infection, has been
previously shown to be enhanced in rainbow trout by feeding or injecting yeast
B-glucan (Jergensen et al. 1993). Other immunostimulants reportedly able to
boost innate immunity of rainbow trout when given in feed include vitamin E,
bacterial LPS, and several plant-derived products such as epigallocatechin-3-
gallate derived from green tee, algal-based Ergosan, dietary ginger, and garlic
(Peddie et al. 2002, Nya & Austin 2009a—c, Thawonsuwan et al. 2009).

In V, innate immune function parameters of juvenile rainbow trout were
enhanced in response to feeding with yeast B-glucan and HMB, and
intraperitoneal injection of B-glucan. Feeding the B-glucan diets for 21 days
increased PMA-induced ROS-production in whole blood in a dose-dependent
way, suggesting that glucan induces enhanced leukocyte killing activity or
increases the number of circulating leukocytes. In plasma lysozyme activity, or
in complement bacteriolytic activity, no significant changes as a response to
diets were seen. Eleven days after injection of B-glucan, the levels of immune
function parameters were enhanced. ROS-production in whole blood and
isolated head kidney leukocytes, as well as the plasma lysozyme activity, were
several-fold those of sham-injected (PBS) controls, but no effect on complement
bacteriolytic activity was detected. However, the route by which the
immunostimulant was given was important, as immune parameter responses to
B-glucan were stronger when injected than when administered orally. This has
been noted also in earlier studies (Raa et al. 1992, Duncan & Klesius 1996).
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The effects of feeding HMB-supplemented diets for 21 days on ROS-
production in whole blood and isolated head kidney phagocytes were
dependent on the dose and differed significantly from the controls.
Interestingly, HMB increased whole blood ROS-production but decreased head
kidney leukocyte ROS-production, which may be caused by the increased
number of leukocytes released to the circulation from head kidney as a
response to immunostimulation. This phenomenon would be beneficial by
increasing peripheral protection against bacteria invading the fish via skin and
gills. In plasma, complement bacteriolytic activity increased with increasing
dose of HMB, but lysozyme activity remained unchanged. For both B-glucan
and HMB, activation of the leukocyte microbial killing mechanism was more
prominent than plasma lysozyme or complement bacteriolytic activity when the
stimulants were administered in feed.

4.4.2 Protection from the disease

There is evidence that immunostimulants are capable of protecting rainbow
trout against bacterial infections. For instance, LPS as a feed supplement has
proven effective against infections by A. hydrophila (Nya & Austin 2009a). On
the other hand, intraperitoneal injections of dimerized lysozyme or nucleotides
have been reported to protect rainbow trout from A. salmonicida infections
(Siwicki et al. 1998, Carrington & Secombes 2007). Furthermore, it has been
shown that feeding rainbow trout with an inactivated yeast (Saccharomyces
cerevisiae) containing selenomethionine, AlkoSel®, decreases mortality of fish
challenged with F. columnare (Suomalainen et al. 2009).

Despite the elevated innate immune defense parameters obtained in V,
none of the immunostimulations gave protection to rainbow trout fingerlings
against experimental F. columnare infection. On the contrary, among the fish fed
with a diet containing 1.8 % of B-glucan, mortality was higher than among fish
that received a diet with no B-glucan supplement. Similarly, the mortality of -
glucan-injected fish was higher than that of sham-injected. The fish having
received HMB had slightly higher mortality than controls, but the difference
between the diets was not statistically significant. However, the medication of
fish with the antibiotic OTC-supplemented feed fully prevented the mortality of
fish in a bath challenge with F. columnare, which shows the efficiency of
antibiotic treatments against columnaris disease. For the appropriate function of
immunostimulants, it is important to plan carefully the timing, dosage and the
route of administration, as conducted in this study. The doses of the
immunstimulants used in V were in the range of those used and found to be
effective in previous studies (e.g. Selvaraj et al. 2005, Misra et al. 2006, Siwicki et
al. 2006), and the duration of the stimulation was set to optimum in pilot
studies.

The reason behind the increased mortality after immunostimulation seen
in the present study is not clear, but it has been shown that overdose of
immunostimulants can suppress immunity (Anderson 1992). This may be due
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to activation of the immune system to work at a very high level, which exhausts
metabolic reserves and leads to decreased immune defence activity in a case of
infection. Indeed, immune parameters of the fish in the present study were
effectively activated, but they were not effective against F. columnare infection.
Inefficacy of immunostimulation with B-glucan has been detected also earlier
against A. salmonicida in Atlantic salmon (Salmo salar L.), against V. anguillarum
in Atlantic salmon, in rainbow trout and in turbot (Scopthalmus maximus), and
against E. ictaluri in channel catfish (Ictalurus punctatus) (Rerstad et al 1993,
Aakre et al. 1994, Thompson et al. 1995, De Baulny et al. 1996, Duncan & Klesius
1996). HMB was ineffective against Streptococcus iniae infection in Nile tilapia
(Oreochomis niloticus) (Whittington et al. 2003), but, on the other hand, enhanced
protection against Y. ruckeri and A. salmonicida in pikeperch (Sander lucioperca)
(Siwicki et al. 2005, Siwicki et al. 2006).

It is known that lysozyme can work at different levels against different
pathogens (Yano 1996). Thus, it may well be that in V the elevated lysozyme
activity after B-glucan injection could not protect the fish against F. columnare.
In fish with symptoms of F. psychrophilum infection, lysozyme activity was
decreased, suggesting that flavobacteria may have a suppressive effect on the
innate humoral defense mechanisms (Siwicki 2004). The complement
bacteriolytic activity, on the other hand, may be inhibited by the large amount
of sialic acid present on the cell surface of some virulent Gram-negative
bacteria, such as A. salmonicida and F. columnare (Ourth & Bachinski 1987). This
may have caused the inefficiency of elevated complement activity in infection of
HMB-stimulated fish in V. The role of different colony types of F. columnare in
avoidance of immune defense of host (see van der Woude 2006) might also be
one explanation for inefficiency of immunostimulants against infection in
rainbow trout. To confirm this, however, further studies are required.

Passive immunization of channel catfish has been reported to provide
some protection against columnaris disease, but for resistance specific antibody
formation is also essential (Shoemaker et al. 2005, Shelby et al. 2007). The
successful development of a vaccine against columnaris disease in channel
catfish, and the fact that older rainbow trout have developed resistance against
F. columnare, together with the findings of the present study, indicate that
successful boosting of the innate immune defence mechanisms is not alone
sufficient to protect rainbow trout against columnaris disease (Fujihara &
Hungate 1971, Fujihara & Nakatani 1971, Shoemaker et al. 2007); acquired
antibody mediated immunity is also needed. This may be partly due to the
external nature of F. columnare infections (Bernardet 1997, Tripathi et al. 2005).
However, the character of columnaris disease in Finland may be changing, as in
some cases F. columnare has also been isolated from the internal organs of fish in
outbreaks in salmonid farms (Dr. P. Rintaméki, University of Oulu, personal
communications). In earlier studies, F. columnare has been isolated from inner
organs of experimentally infected fish (Decostere et al. 1999b, Bader et al. 2003).
Hence, it may be that virulent strains are evolving the capacity to invade also
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inner organs more often. This could influence also the usefulness of
immunostimulants against columnaris disease in the future.



5 CONCLUSIONS

Based on their 16S rRNA gene sequences Finnish F. columnare strains constitute
a genetically homogeneous group that differs both from the type strain and
strains isolated from other parts of the world. Although Finnish F. columnare
strains have similar temperature optima for growth, as reported previously for
F. columnare, Finnish strains are less salt tolerant than the type strain (NCIMB
2248T) and have a narrower pH range in which they are able to grow.

F. columnare strains isolated from fish farms in Finland can be divided
using ARISA into seven genetically different groups. Strains representing
different genetic groups can co-occur at the farm during one outbreak. This
might be a common phenomenon for F. columnare and may contribute to the
repeated occurrence of the outbreaks during warm water periods. The co-
existence of genetically different pathogen strains may lead to increased
virulence and may have contributed to columnaris disease becoming more
severe in Finland during the last 20 years. Although antibiotics are still effective
against F. columnare infections, some differences in antibiotic sensitivity
between the genetic groups of Finnish strains can be detected. This may
indicate a risk of development of antibiotic resistant strains in the future.

Of the Finnish F. columnare strains, those strain-colony type variants that
form rhizoid colony type 1, which is a typical colony morphology type of F.
columnare, are highly virulent, whereas variants forming other colony types are
of low virulence. However, colony type 1 variants are not the most adherent on
polystyrene, and not all variants exhibiting high chondroitin AC lyase activity
are highly virulent. Thus, adhesion may not be the main virulence factor of F.
columnare, and nor is high chondroitin AC lyase activity alone enough for the
pathogen to be virulent. The property of forming rhizoid colonies, an indication
of gliding motility of the bacterium, is suggested to be a prerequisite for
virulence of F. columnare.

This study did not reveal clearly the factors behind the production of
different colony morphologies by F. columnare. Formation of colony types most
probably is a consequence of change in gene expression as a response to change
in growth environment of the bacterium. It is also possible, that different colony
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types are needed in different stages of the infection process of F. columnare in
fish. The mechanism driving the selection of a certain colony type may be phase
variation or quorum sensing signalling. Alternatively, various colony types
may be expressed constantly in F. columnare populations and the best suited
morphologies are selected in every circumstance. The property of differential
colony morphology formation may aid F. columnare to persist at fish farms and
cause infection in favourable conditions. These suggestions, however, need to
be verified in the future.

The rate of both shedding of F. columnare and transmission of columnaris
disease is higher from dead than from living fish. This means that in addition to
a pathogenic way of life, F. columnare can live as a saprophyte. Thus, killing the
host does not cause any costs to the pathogen and may lead to increased
virulence of F. columnare at fish farms. Such indications have been seen lately.
The bacterium is also able to survive for a long time outside the host, allowing it
to persist at farms during antibiotic treatments. This increases the fitness of the
pathogen further. Survival in water may be an indication of the history of F.
columnare as a non-pathogenic freshwater bacterium, which also has a
saprophytic way of life. F. columnare may have used saprophytism as a
transition stage from a harmless water bacterium to a pathogen, and has
maintained it as a survival and transmission strategy because of the benefits.

Immunostimulants, both injected and given orally, are able to increase the
values of innate immune function parameters in rainbow trout juveniles.
However, immunostimulations failed to protect the fish from experimental
infections by F. columnare. One reason for this may be the external nature of
columnaris disease. It is thus suggested that, in addition to boosting of innate
immune defence, also acquired antibody-mediated immunity is essential in
protecting fish from F. columnare infections. However, there are indications that
virulent strains of F. columnare may also invade the inner organs of fish, which
could influence the future usefulness of immunstimulants against columnaris
disease in Finnish fish farming.
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YHTEENVETO (RESUME IN FINNISH)

Kalapatogeeni Flavobacterium columnare -bakteerin ominaisuuksia ja
patogeenisuuteen vaikuttavia tekijoita

Flavobacterium columnare -bakteeri on maailmanlaajuisesti esiintyvd makean ve-
den kalapatogeeni. Se esiintyy yleisesti luonnonvesissd, mutta aiheuttaa kalan-
viljelylaitoksilla iho- ja kidustulehduksina oireilevaa columnaris-tautia. Tauti
puhkeaa ldhinnd ensimmadisen ja toisen kasvukauden poikasilla lampimén ve-
den aikaan ja johtaa ilman antibioottihoitoa kuolemaan. Vuosittain infektiot
aiheuttavat kalaviljelyelinkeinolle merkittdvid taloudellisia tappioita. Suomen
kalanviljelylaitoksilla columnaris-tautia on esiintynyt 1980-luvulta lihtien, mut-
ta tautitapaukset ovat yleistyneet huomattavasti viimeisen 20 vuoden aikana.
Nykyaddn F. columnare -bakteerin aiheuttamat infektiot ovat yksi merkittavimpia
lohikalojen poikastuotantoa haittaavia tekijoitd Suomessa. Erddksi pahentuneen
tautitilanteen syyksi on esitetty F. columnare -bakteerin taudinaiheutuskyvyn
kasvua kalanviljelyolosuhteissa.

F. columnare -bakteerin patogeenisuuteen vaikuttavat tekijat sekd
columnaris-taudin levidmismekanismit tunnetaan huonosti. Bakteerin kyvylld
tarttua kalan kiduksille sekd kalan sidekudosta hajottavan entsyymin, kondroi-
tiinilyaasin, aktiivisuudella on kuitenkin osoitettu olevan yhteys bakteerin tau-
dinaiheutuskykyyn. Lohikalojen infektioimmuniteettia columnaris-taudissa on
tutkittu vdhdan, mutta kalojen tiedetddn pystyvédn tuottamaan vasta-aineita F.
columnare -bakteeria vastaan. Hiljattain on USA:ssa kehitetty columnaris-
tautirokote pilkkupiikkimonnille (Ictalurus punctatus), mutta sen kaytto ei ole
sallittu EU:ssa, eikd sen tehoa lohikaloihin tunneta.

Suomen kalanviljelylaitoksilla tdlld hetkelld vallitsevan F. columnare
-bakteerin aiheuttaman tautitilanteen vuoksi on tarpeen saada lisédé tietoa tau-
dinaiheuttajan patogeenisuuteen johtavista syistd. On myos tdarkedd kartoittaa
antibioottien ohella muiden hoitomenetelmien soveltuvuutta columnaris-
taudin parannuskeinoina, silld runsaasti kdytettyind antibiootit voivat johtaa
antibiooteille vastustuskykyisten eli resistenttien bakteerikantojen kehittymi-
seen niin kalanviljelylaitoksilla kuin niitd ympéaroivissa luonnonvesissakin. Nai-
td seikkoja pyrittiin selvittimaan tdssa véitoskirjassa tutkimalla Suomen kalan-
viljelylaitoksilta eristettyjen F. columnare -bakteeri-kantojen ja niiden muodos-
tamien neljdn erilaisen pesdketyypin eli kanta-pesidketyyppimuunnosten ge-
neettistd monimuotoisuutta, kasvu- ja tarttumisominaisuuksia sekd ndiden
mahdollista yhteyttd bakteerin taudinaiheutuskykyyn. Lisdksi tutkittiin F.
columnare -bakteerin erittymistd ja columnaris-taudin levidmistd kalasta seka
testattiin immunostimulanttien soveltuvuutta kirjolohen (Oncorhynchus mykiss)
luonnollisen immuniteetin tehostamiseen columnaris-tautia vastaan.

Perustuen bakteerien geneettisessd luokittelussa yleisesti kidytettyyn 16S
rRNA -geenin sekvenssianalyysiin Suomen F. columnare -kantojen todettiin
muodostavan geneettisesti yhtendisen joukon, joka eroaa muulta maailmasta
eristetyistd kannoista. Suomen kannat eivit sietdneet yhtd suuria kasvuympa-
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riston suolapitoisuuksia tai pH-vaihteluja kuin tutkimuksessa vertailukantana
kdytetty F. columnare -bakteerin USA:sta eristetty tyyppikanta NCIMB 2248T.
Suomesta eristetyt kannat voitiin kuitenkin jakaa seitsemddn eri geneettisen
ryhméan kéyttden ARISA-menetelmdd, joka perustuu geenejd sisdltdamattoman
genomialueen pituusvaihteluun ldheistd sukua toisilleen olevien bakteerikanto-
jen vaélilla. Eri geneettisiin ryhmiin kuuluvat F. columnare -kannat voivat esiin-
tyd samanaikaisesti yhdelld kalanviljelylaitoksella, mikd voi olla syynéd infekti-
oiden toistumiseen kesdaikana. Toisistaan geneettisesti eroavien bakteerikanto-
jen yhtdaikainen esiintyminen voi myos aiheuttaa kilpailua kantojen vililld ja
johtaa taudinaiheutuskykyisempien kantojen kehittymiseen. Tama voi olla yksi
syy columnaris-infektioiden lisddntymiseen Suomessa parin viime vuosikym-
menen aikana.

Tutkittaessa F. columnare -bakteerin kanta-pesdketyyppimuunnoksia ha-
vaittiin, ettd kaikkein tarttumiskykyisimmadt muunnokset eivit ole taudinaiheu-
tuskykyisimpid. Myoskdan muunnosten korkea kondroitiinilyaasiaktiivisuus ei
aina ollut yhteydessad korkeaan taudinaiheutuskykyyn. Taudinaiheutuskyky oli
korkea ainoastaan sellaisilla korkean kondroitiinilyaasiaktiivisuuden omaavilla
muunnoksilla, jotka kasvoivat juurimaisia ulokkeita muodostavina pesdkkeina.
Taménkaltaisen pesikemuodostuksen on osoitettu olevan yhteydessa F. colum-
nare -bakteerin liukuvaan liikkumiskykyyn. Erilaisten pesdkkeiden muodostu-
misen syistd ei ole varmuutta. On kuitenkin todenndkéistd, ettd F. columnare
séddtelee eri pesidketyyppien ilmentdmistd vasteena kasvuympéristonsd muutok-
seen. Tamé voi olla tarpeellista bakteerin sdilymisen kannalta kalanviljelyolo-
suhteissa sekd infektion eri vaiheissa ja suojautumisessa kalan immuunipuolus-
tukselta.

F. columnare -bakteerin havaittiin erittyvan kuolleista kaloista nopeammin
kuin eldvistd kaloista. My0s columnaris-taudin todettiin tarttuvan tehokkaam-
min seuraavaan kalaan kuolleista kuin eldvistd kaloista. Lisdksi bakteeri sdilyi
hengissa desinfioidussa jarvivedessa jopa kaksi vuotta. Tama kertoo siitd, ettd F.
columnare pystyy elimddn kalanviljelylaitoksilla niin raadonsydjand eli sapro-
fyyttina kuolleessa kalassa kuin vapaassa vedessidkin, jotka voivat toimia
columnaris-taudin tartuntaldhteind. On mahdollista, ettd saprofytia on F.
columnare -bakteerin alkuperdinen ominaisuus, joka on toiminut vilivaiheena
bakteerin kehittyessdan harmittomasta vesibakteerista taudinaiheuttajaksi.
Koska kalaisdannin kuolema ei aiheuta kustannuksia F. columnare -bakteerille,
vaan pikemminkin edesauttaa sen hengissd pysymistd kalanviljelyolosuhteissa,
on elintapa saprofyyttina sdilynyt bakteerilla ja voinut edistdd sen muuttumista
taudinaiheutuskykyisemmaéksi.

Immunostimulanttien todettiin tehostavan kirjolohen luonnollista im-
muunivastetta, mikd mééritettiin mittaamalla kalan veren ja munuaisen etu-
osan valkosolujen muodostamien reaktiivisten happituotteiden sekd plasman
bakteerisoluja hajottavien tekijoiden (lysotsyymi-entsyymi ja komplementti)
aktiivisuutta. Luonnollisen immuunivasteen tehostaminen ei kuitenkaan suo-
jannut kirjolohta koeolosuhteissa aiheutetuilta F. columnare -infektioilta. Erds
syy tdhdn voi olla se, ettd columnaris-tauti esiintyy pédasiassa kalan pinnalla.
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Tamén vuoksi voidaan olettaa, ettd luonnollisen immuunipuolustuksen tehos-
tamisen lisdksi myos hankitulla vasta-ainevilitteiselld immuniteetilla on kes-
keinen rooli kalojen suojaamisessa F. columnare -bakteerin aiheuttamilta infek-
tioilta. Viime aikoina bakteeria on kuitenkin saatu eristettyd yhd useammin ka-
lojen sisdelimistd, mikd viittaisi F. columnare -bakteerin muuttumiseen myos
sisempiin kudoksiin tunkeutuvaksi taudinaiheuttajaksi. Tdmd saattaa tulevai-
suudessa parantaa immunostimulanttien soveltuvuutta columnaris-taudin tor-
juntamenetelméné lohikalojen viljelyssa.
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bacterial diversity using ribosomal RNA

gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien kiytto bakteeridiver-
siteetin fylogeneettisessd analyysissa. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

HonkavaAra, JoHanNa, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettindon
ekologinen merkitys hedelmi& sydvien eldin-
ten ja hedelmékasvien vilisissa vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto

2 p. 2002.
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MARTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen seki
oligomerisaation muokkaus: uusia tyokaluja
avidiini-biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

JokEeLA, Jar, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jitteen esikasittelyn
vaikutus yhdyskuntajéitteen biohajoamiseen ja
typpipaastojen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

RANTALA, MARKUS ]., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyonteisilla. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

OxsaNeN, TuuLa, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisddntymisen kustan-
nukset ja poikasten laatu lisdéntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

HENo, JaNi, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeldinyh-
teisdjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissa - eliomaan-
tieteellinen yhteys seka merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.
SHRA-PIETIKAINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsdmaan
hajottajayhteiso hakkuiden jalkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

KoRTET, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L. -
Loisten ja taudinaiheuttajien merkitys kalan
lisddntymisessd ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

SuviLAMPI, JUHANI, Aerobic wastewater
treatment under high and varying
temperatures - thermophilic process
performance and effluent quality. - Jatevesien
kasittely korkeissa ja vaihtelevissa lampoti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.
PAIVINEN, Jussi, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissa eldvien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus 44 p. (155 p.) Yhteenveto 2 p.
2003.

Paavora, Riku, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkédrangattomien, vesisammalten ja kalojen

122

123

124

125

126

127

128

129

130

131

yhteistrakenne pohjoisissa virtavesissa -
saannonmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.
SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

AHTIAINEN, JARI JuHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata. -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihaméhékilla
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

Kararaju, PrRasap, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
jarjestelméssa. 84 p. (224 p.) Yhteenveto 2 p.
2003.

HAKKINEN, JaNi, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B siteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

NorpLUND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestdvyydenja
rakennetopologian muokkaaminen. 64 p.

(104 p.) Yhteenveto 2 p. 2003.

MarjomAkl, Tivo J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.
KiLriMaA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

PonNio, Tiia, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

WaNG, HoNng, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.

(90 p.) 2004.

YLONEN, OLl, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisddntyvan
UV-B siteilyn vaikutukset siikakalojen
poikasten kéyttaytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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KumruLaINEN, Tomr, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).

- Lisddntymisstrategioiden evoluutio ja séily-
minen pussikehréadjilld (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

OjaLa, Kirsl, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittdminen ja
sovellukset. 90 p. (141 p.) Yhteenveto 3 p.
2004.

RANTALAINEN, MINNA-Lnisa, Sensitivity of soil
decomposer communities to habitat
fragmentation - an experimental approach. -
Metsdmaaperin hajottajayhteison vasteet
elinympariston pirstaloitumiseen. 38 p.

(130 p.) Yhteenveto 2 p. 2004.

SAARINEN, MARI, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisdyridisen esiintymi-
seen ja runsauteen vaikuttavat tekijit
Anodonta piscinalis -pikkujdrvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

LiLja, Juna, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.

- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyvid ongel-

mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.
Nykvist, PeTRI, Integrins as cellular receptors

for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.
Korvura, NiNa, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.
KARVONEN, ANssl, Transmission of Diplostomum
spathaceum between intermediate hosts.

- Diplostomum spathaceum -loisen siirtyminen
kotilo- ja kalaisannan valilla. 40 p. (90 p.)
Yhteenveto 2 p. 2004.

NYKANEN, Marl, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta

virtavesissa. 40 p. (102 p.) Yhteenveto 3 p. 2004.
HYNYNEN, Junani, Anthropogenic changes in

Finnish lakes during the past 150 years
inferred from benthic invertebrates and their
sedimentary remains. - Ihmistoiminnan
aiheuttamat kuormitusmuutokset suomalaisis-
sa jarvissa viimeksi kuluneiden 150 vuoden
aikana tarkasteltuina pohjaeldinyhteisojen
avulla. 45 p. (221 p.) Yhteenveto 3 p. 2004.
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PyLkko, PAvi, 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. - Epatyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieridlle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkdisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.
PuurTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisddntymisstrategioiden evoluu-
tio eldimilla. 28 p. (110 p.) Yhteenveto 3 p.
2004.
ToLvaNeN, Ourtl, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jatteen-
kasittelytekniikan ja jatelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jatteen-
kasittelylaitoksilla. 78 p. (174 p.) Yhteenveto
4 p. 2004.
Boapi, Kwast Owusu, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympé-
ristd ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.
Lukkari, Tuomas, Earthworm responses to
metal contamination: Tools for soil quality
assessment. - Lierojen vasteet
metallialtistukseen: kdyttomahdollisuudet
maaperan tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.
MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jitevesista
yhdyskuntajatevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.
KarisoLa, Pia, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian p&éallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.
BAGGE, ANNA MARI4, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteisgjen rakenteeseen ja kehitykseen
vaikuttavat tekijit sisdvesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.
JANTTI, AR, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Eurasian treecreeper. - Lajien-
vilisten suhteiden vaikutus puukiipijan
pesintdmenestykseen metsdymparistossa.
39 p. (104 p.) Yhteenveto 2 p. 2005.
TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienvéliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.
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HakaLaHT, TEA, Studies of the life history of a
parasite: a basis for effective population
management. - Loisen elinkiertopiirteet:
perusta tehokkaalle torjunnalle. 41 p. (90 p.)
Yhteenveto 3 p. 2005.

HYTONEN, VEsa, The avidin protein family:
properties of family members and engineering
of novel biotin-binding protein tools. - Avidiini-
proteiiniperhe: perheen jasenten ominaisuuk-
sia ja uusia biotiinia sitovia proteiiniydkaluja.
94 p. (124 p.) Yhteenveto 2 p. 2005.

GiLBERT, LEONA , Development of biotechnological
tools for studying infectious pathways of
canine and human parvoviruses. 104 p.

(156 p.) 2005.

SUOMALAINEN, LoTTA-RIINA, Flavobacterium
columnare in Finnish fish farming:
characterisation and putative disease
management strategies. - Flavobacterium
columnare Suomen kalanviljelyssa:
karakterisointi ja mahdolliset torjunta-
menetelmit. 52 p. (110 p.) Yhteenveto 1 p.
2005.

VEHNIAINEN, EEVA-R1IKKA, Boreal fishes and
ultraviolet radiation: actions of UVR at
molecular and individual levels. - Pohjoisen
kalat ja ultraviolettisateily: UV-siteilyn
vaikutukset molekyyli- ja yksilotasolla. 52 p.
(131 p.) 2005.

VAINIKKA, ANssI, Mechanisms of honest sexual
signalling and life history trade-offs in three
cyprinid fishes. - Rehellisen seksuaalisen
signaloinnin ja elinkiertojen evoluution
mekanismit kolmella sarkikalalla. 53 p.

(123 p.) Yhteenveto 2 p. 2005.

LUOSTARINEN, SARI, Anaerobic on-site
wastewater treatment at low temperatures.
Jatevesien kiinteisto- ja kyldkohtainen
anaerobinen kisittely alhaisissa lampétilois-
sa. 83 p. (168 p.) Yhteenveto 3 p. 2005.
SepPALA, OTTO, HOst manipulation by
parasites: adaptation to enhance
transmission? Loisten kyky manipuloida
isdntiddn: sopeuma transmission tehostami-
seen? 27 p. (67 p.) Yhteenveto 2 p. 2005.

SuurINiEMI, M1a, Genetics of children’s

bone growth. - Lasten luuston kasvun gene-
tiikkka. 74 p. (135 p.) Yhteenveto 3 p. 2006.
TorvoLa, Jount, Characterization of viral
nanoparticles and virus-like structures by
using fluorescence correlation spectroscopy
(FCS) . - Virus-nanopartikkelien seki virusten
kaltaisten rakenteiden tarkastelu fluoresenssi
korrelaatio spektroskopialla. 74 p. (132 p.)
Yhteenveto 2 p. 2006.

KLEMME, INEs, Polyandry and its effect on male
and female fitness. - Polyandria ja sen vaiku-
tukset koiraan ja naaraan kelpoisuuteen 28 p.
(92 p.) Yhteenveto 2 p. 2006.

LEHTOMAKI, ANNIMARI, Biogas production from
energy crops and crop residues. - Energia-
kasvien ja kasvijatteiden hyodyntaminen
biokaasun tuotannossa. 91 p. (186 p.) Yhteen-
veto 3 p. 2006.
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ILMARINEN, KATJA, Defoliation and plant-soil
interactions in grasslands. - Defoliaatio ja
kasvien ja maaperan véliset vuorovaikutukset
niittyekosysteemeissa. 32 p. (111 p.) Yhteenve-
to 2 p. 2006.

LOEHR, JoHN, Thinhorn sheep evolution and
behaviour. - Ohutsarvilampaiden evoluutio ja
kdyttaytyminen. 27 p. (89 p.) Yhteenveto 2 p.
2006.

Paukku, Satu, Cost of reproduction in a seed
beetle: a quantitative genetic perspective. -
Lisdadntymisen kustannukset jyvikuoriaisella:
kvantitatiivisen genetiikan ndkokulma. 27 p.
(84 p.) Yhteenveto 1 p. 2006.

OyaLa, KaTja, Variation in defence and its
fitness consequences in aposematic animals:
interactions among diet, parasites and
predators. - Puolustuskyvyn vaihtelu ja sen
merkitys aposemaattisten eldinten kelpoisuu-
teen: ravinnon, loisten ja saalistajien vuoro-
vaikutus. 39 p. (121 p.) Yhteenveto 2 p. 2006.
MaTiLAINEN, HELL Development of baculovirus
display strategies towards targeting to tumor
vasculature. - Sy6véan suonitukseen
kohdentuvien bakulovirus display-vektorien
kehittdminen. 115 p. (167 p.) Yhteenveto 2 p.
2006.

KaLrio, Eva R., Experimental ecology on the
interaction between the Puumala hantavirus
and its host, the bank vole. - Kokeellista
ekologiaa Puumala-viruksen ja metsamyyran
vilisestd vuorovaikutussuhteesta. 30 p. (75 p.)
Yhteenveto 2 p. 2006.

PmHLAJA, MARJO, Maternal effects in the magpie.
- Harakan ditivaikutukset. 39 p. (126p.)
Yhteenveto 1 p. 2006.

IHALAINEN, EIrRA, Experiments on defensive
mimicry: linkages between predator behaviour
and qualities of the prey. - Varoitussignaalien
saalis-suhteista. 37 p. (111 p.) Yhteenveto 2 p.
2006.

LOPEZ-SEPULCRE, ANDRES, The evolutionary
ecology of space use and its conservation
consequences. - Elintilan kdyton ja reviiri-
kayttaytymisen evoluutioekologia
luonnonsuojelullisine seuraamuksineen. 32 p.
(119 p.) Yhteenveto 2 p. 2007.

TuLLa, MIra, Collagen receptor integrins:
evolution, ligand binding selectivity and the
effect of activation. - Kollageenireseptori-
integriiniien evoluutio, ligandin sitomis-
valikoivuus ja aktivaation vaikutus. 67 p. (129
p-) Yhteenveto 2 p. 2007.

SmusaLo, Tuura, Diet and foraging of ringed
seals in relation to helminth parasite
assemblages. - Perdmeren ja Saimaan norpan
suolistoloisyhteisét ja niiden hyodyntdminen
hylkeen yksil6llisen ravintoekologian selvitta-
misessd. 38 p. (84 p.) Yhteenveto 2 p. 2007.
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TorvaNeN, Tero, Short-term effects of forest
restoration on beetle diversity. - Metsien
ennallistamisen merkitys kovakuoriaislajiston
monimuotoisuudelle. 33 p. (112 p.) Yhteenveto
2 p. 2007.

Lupwig, GiLBERT, Mechanisms of population
declines in boreal forest grouse. - Kanalintu-
kantojen laskuun vaikuttavat tekijat. 48 p. (138
p-) Yhteenveto 2 p. 2007.

KeroLa, TArRMO, Genetics of condition and
sexual selection. - Kunnon ja seksuaalivalin-
nan genetiikka. 29 p. (121 p.) Yhteenveto 2 p.
2007.

SEPPANEN, JANNE-TuOMas, Interspecific social
information in habitat choice. - Lajienvilinen
sosiaalinen informaatio habitaatinvalin-
nassa. 33 p. (89 p.) Yhteenveto 2 p. 2007.
BaNDILLA, MATTHIAS, Transmission and host
and mate location in the fish louse Argulus
coregoni and its link with bacterial disease in
fish. - Argulus coregoni -kalatéin siirtyminen
kalaiséntdan, isinnan ja parittelukumppanin
paikallistaminen seké loisinnan yhteys kalan
bakteeritautiin. 40 p. (100 p.) Yhteenveto 3 p.
Zusammenfassung 4 p. 2007.

MERILAINEN, PAIvi, Exposure assessment of
animals to sediments contaminated by pulp
and paper mills. - Sellu- ja paperiteollisuuden
saastuttamat sedimentit altistavana tekijana
vesieldimille. 79 p. (169 p.) Yhteenveto 2 p.
2007.

RourtTu, Jarkko, Genetic and phenotypic
divergence in Drosophila virilis and

D. montana. - Geneettinen ja fenotyyppinen
erilaistuminen Drosophila virilis ja D. montana
lajien mahlakarpasilla. 34 p. (106 p.) Yhteen-
veto 1 p. 2007.

BeNesH, DANIEL P., Larval life history,
transmission strategies, and the evolution of
intermediate host exploitation by complex
life-cycle parasites. - Vakédkarsamatotoukkien
elinkierto- ja transmissiostrategiat seka vali-
isannan hyviaksikayton evoluutio. 33 p. (88 p.)
Yhteenveto 1 p. 2007.

TarpALE, Sami, Bacterial-mediated terrestrial
carbon in the foodweb of humic lakes.

- Bakteerivilitteisen terrestrisen hiilen
merkitys humusjérvien ravintoketjussa. 61 p.
(131 p.) Yhteenveto 5 p. 2007.

KILJUNEN, MIKKO, Accumulation of
organochlorines in Baltic Sea fishes. -
Organoklooriyhdisteiden kertyminen Itdme-
ren kaloihin. 45 p. (97 p.) Yhteenveto 3 p.
2007.

SorMUNEN, KarMarkus, Characterisation of
landfills for recovery of methane and control
of emissions. - Kaatopaikkojen karakterisointi
metaanipotentiaalin hyodyntamiseksi ja
padstojen vahentamiseksi. 83 p. (157 p.)
Yhteenveto 2 p. 2008.

HiLtunen, Terro, Environmental fluctuations
and predation modulate community
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191

192

193

194

195

196

dynamics and diversity.- Ympériston vaihte-
lutja saalistus muokkaavat yhteison dyna-
miikkaa ja diversiteettid. 33 p. (100 p.) Yhteen-
veto 2 p. 2008.

SYVARANTA, JARI, Impacts of biomanipulation
on lake ecosystem structure revealed by stable
isotope analysis. - Biomanipulaation vaiku-
tukset jarviekosysteemin rakenteeseen vakai-
den isotooppien avulla tarkasteltuna. 46 p.
(105 p.) Yhteenveto 4 p. 2008.

MartTiLa, NiINA, Ecological traits as
determinants of extinction risk and
distribution change in Lepidoptera. - Perhos-
ten uhanalaisuuteen vaikuttavat ekologiset
piirteet. 21 p. (67 p.) Yhteenveto 1 p. 2008.
UpLaA, PauLa, Integrin-mediated entry of
echovirus 1. - Echovirus 1:n integriini-
vilitteinen sisddnmeno soluun. 86 p. (145 p.)
Yhteenveto 2 p. 2008.

KeskiNeN, Tario, Feeding ecology and
behaviour of pikeperch, Sander lucioperca (L.)
in boreal lakes. - Kuhan (Sander lucioperca
(L.)) ravinnonkéytto ja kdyttaytyminen
boreaalisissa jarvissa. 54 p. (136 p.) Yhteen-
veto 3 p. 2008.

LAAKKONEN, JOHANNA, Intracellular delivery of
baculovirus and streptavidin-based vectors
in vitro - towards novel therapeutic
applications. - Bakulovirus ja streptavidiini
geeninsiirtovektoreina ihmisen soluissa.

81 p. (142 p.) Yhteenveto 2 p. 2008.

MicHEL, PATRIK, Production, purification and
evaluation of insect cell-expressed proteins
with diagnostic potential. - Diagnostisesti
tarkeiden proteiinien tuotto hyonteissolussa
sekéd niiden puhdistus ja karakterisointi.

100 p. (119 p.) Yhteenveto 2 p. 2008.
LinpstepT, CARITA, Maintenance of variation in
warning signals under opposing selection
pressures. - Vastakkaiset evolutiiviset valinta-
paineet ylldpitavét vaihtelua varoitussigna-
loinnissa. 56 p. (152 p.) Yhteenveto 2 p. 2008.
BomAN, SaNNA, Ecological and genetic factors
contributing to invasion success: The
northern spread of the Colorado potato beetle
(Leptinotarsa decemlineata). - Ekologisten ja
geneettisten tekijoiden vaikutus koloradon-
kuoriaisen (Leptinotarsa decemlineata)
leviamismenestykseen. 50 p. (113 p.) Yhteen-
veto 3 p. 2008.

MAKELA, ANNA, Towards therapeutic gene
delivery to human cancer cells. Targeting and
entry of baculovirus. - Kohti terapeuttista
geeninsiirtoa: bakuloviruksen kohdennus ja
sisadnmeno ihmisen sy&pésoluihin. 103 p.
(185 p.)Yhteenveto 2 p. 2008.

LEeBIGRE, CHRISTOPHE, Mating behaviour of the
black grouse. Genetic characteristics and
physiological consequences. - Teeren
pariutumiskayttaytyminen. Geneettiset tekijat
ja fysiologiset seuraukset . 32 p. (111
p-)Yhteenveto 2 p. 2008.
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197 KakkoNeN, ELiNA, Regulation of raft-derived
endocytic pathways - studies on echovirus 1
and baculovirus. - Echovirus 1:n ja
bakuloviruksen soluun sisidnmenon reitit ja
séddtely. 96 p. (159 p.) Yhteenveto 2 p. 2009.

198 TenHOLA-ROININEN, TEA, Rye doubled haploids
- production and use in mapping studies. -
Rukiin kaksoishaploidit - tuotto ja kaytto
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