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Ágrip 

Kýlaveikibróðurbakterían Aeromonas salmonicida undirteg. 

achromogenes er Gram neikvæður fisksýkill, sem veldur oft miklum 

afföllum í fiskeldi. Markmið rannsóknanna var að efla þekkingu á 

sýkingarmætti bakteríunnar í bleikju, Salvelinus alpinus L., með áherslu á 

að kanna hlutverk sýkiþáttarins AsaP1, sem bakterían seytir og er öflugur 

ónæmisvaki. AsaP1 er mjög eitraður peptíðasi með kaseínasa virkni. 

Einnig var lögð áhersla á að þróa nýja gerð kýlaveikibróðurbóluefnis með 

AsaP1-toxoíð sem mótefnavaka.   

Margar bakteríur nota þéttniskynjun við stjórn genatjáningar. A. 

salmonicida hefur LuxI/R gerð af þéttniskynjun, sem er nefnt AsaI/R. 

Hlutverk þéttniskynjunar í stjórn sýkingarmáttar og seytingu brúns 

litarefnis var könnuð hjá A. salmonicida undirteg. achromogenes. Útbúið 

var AsaI neikvætt stökkbrigði bakteríunnar, sem ekki seytir sameindum 

sem bakterían notar við þéttniskynjun. Í ljós kom að tjáningu á AsaP1, 

frumudrepandi virkni og brúnu litarefni, sem bakterían seytir, er stjórnað af 

þéttniskynjun. Framleiðsla á frumubundnu sýkiþáttunum A-lags próteini og 

lípópólísakkaríði er hins vegar ekki stjórnað af þéttniskynjun. AsaI 

neikvæða stökkbrigðið var ekki eins sýkjandi og móðurstofninn í bleikju, 

sem sýnir að sýkingamætti bakteríunnar er stjórnað af þéttniskynjun. 

Meðfætt og áunnið ónæmissvar bleikju, sem var sýkt með A. 

salmonicida subsp. achromogenes og AsaP1-neikvæðu stökkbrigði 

bakteríunnar, var skoðað í framnýra, lifur og milta á völdum tímapunktum í 

viku frá upphafi smits. Stjórnun á tjáningu gena var mæld með 

magnbundinni rauntíma PCR greiningu og ónæmisvefjalitun. Niðurstöður 

sýndu að ónæmissvarið hófst með stjórnun á tjáningu þátta meðfædda 

ónæmissvarsins, þar sem aukning varð á tjáningu bólguhvetjandi 

frumuboða og flakkboða. Einnig kom fram marktækur munur á 

ónæmissvari sem stofnarnir tveir örvuðu. Mestur munur kom fram á 

tjáningu CC-flakkboða, sem hafði aukna tjáningu hjá fiski sýktum með 

AsaP1- neikvæða stofninum. Niðurstöðurnar leiða í ljós mikilvægi AsaP1 í 

þróun hýsilvarna bleikju. Áunna ónæmissvarið var Th2 miðað og leiddi til 

B-frumu nýliðunar, sem greind var með ónæmisvefjalitun. 

Útbúin voru fjögur mismunandi stökkbrigði (toxoíðar) af AsaP1, 

AsaP1E294A, AsaP1E294Q, AsaP1Y309A og AsaP1Y309F, með því að skipta um 
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eina amínósýru í virkniseti ensímsins. Próteinin AsaP1E294A, AsaP1E294Q og 

AsaP1Y309A höfðu enga ensímvirkni, en AsaP1Y309F hafði veiklaða virkni 

miðað við náttúrulegt AsaP1. Ekkert af stökkbreyttu próteinunum var 

eitrað fyrir fisk, en öll vöktu sértækt mótefnasvar gegn AsaP1 í fiski. 

Byggingargen toxoíðanna asaP1E294A og asaP1Y309F voru notuð til að gera 

tvo mismunandi A. salmonicida undirteg. achromogenes stofna, sem 

seyta AsaP1-toxoíð í stað AsaP1. Rannsóknir á AsaP1-toxoíð próteinum 

framleiddum með erfðatæknilegum aðferðum og A. salmonicida undirteg. 

achromogenes AsaP1-toxoíð stofnum leiddu í ljóð að AsaP1, sem er tjáð 

sem 37 kDa forpeptíð, klippir sig sjálft í virkt 19 kDa ensím. Eingilt 

tilraunabóluefni sem byggði á AsaP1Y309F-toxoíð stofni vakti mjög góða 

ónæmisvörn gegn kýlaveikibróður hjá bleikju í tilraunasýkingum og var 

vörnin sambærileg þeirri sem markaðssett fjölgilt bóluefni veitir.  

Niðurstöður rannsóknanna leiddu í ljós nýja þekkingu á sýkingarmætti 

A. salmonicida undirteg. achromogenes í bleikju. Skýrar niðurstöður 

fengust varðandi stjórnun á tjáningu sýkiþáttarins AsaP1, þróun 

forpeptíðsins í virkt ensím og áhrif þessa sýkiþáttar á myndun 

ónæmissvars gegn A. salmonicida undirteg. achromogenes í bleikju. 

Rannsóknin leiddu líka í ljós að hægt er að nota kýlaveikibróðurbóluefni 

byggð á AsaP1-toxoíð stökkbrigði bakteríunnar til forvarna í fiskeldi, en 

toxoíðar myndaðir með erfðabreytingu, hafa ekki enn verið notaðir sem 

ónæmisvakar í fiskabóluefnum og er þetta því ný nálgun. 
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Abstract 

Aeromonas salmonicida subsp. achromogenes is a Gram negative fish 

pathogen causing atypical furunculosis in Arctic charr, Salvelinus alpinus L., 

and several other farmed fish species. The disease can cause significant 

economic losses in the aquaculture industry. The aim of this study was to 

increase knowledge of the molecular virulence mechanisms of A. salmonicida 

subsp. achromogenes and host-pathogen interactions with focus on the toxic 

caseinolytic metalloendopeptidase, AsaP1, which is a major extracellular 

virulence factor of the bacterium and highly immunogenic. Furthermore, the 

aim was to develop a new vaccination strategy against atypical furunculosis 

based on an AsaP1-toxoid.   

A. salmonicida possesses the LuxI/R type quorum sensing system, 

termed AsaI/R. The role of quorum sensing regulation of A. salmonicida 

subsp. achromogenes virulence and brown pigment production was 

investigated. An A. salmonicida subsp. achromogenes asaI knock-out strain 

was constructed by allelic insertion of a kanamycin-cassette. The mutation 

leads to a total knock-out of the quorum sensing system. AsaP1, cytotoxic 

activity, and a brown pigment secreted by the bacterium, were found to be 

quorum sensing regulated, but the cell associated virulence factors A-layer 

protein and LPS were not regulated by quorum sensing. Furthermore, the 

virulence of the quorum sensing knock-out strain was significantly impaired 

compared to the wild type (wt) strain.  

A reverse transcription quantitative real-time PCR (RT-qPCR) based 

analysis of the innate and adaptive immune response in head-kidney, liver, 

and spleen of Arctic charr during a 7 d period of infection with A. salmonicida 

subsp. achromogenes was performed, using the wt strain and an isogenic 

AsaP1-deficient mutant. The results revealed an initial regulation of innate 

immune response parameters indicated by up-regulation of pro-inflammatory 

cytokine and chemokine expression. Furthermore, the immune response 

triggered by the two strains was significantly different, e.g., significant up-

regulation of a CC-chemokine was only detected in fish infected with the 

AsaP1-deficient mutant. This indicates the importance of AsaP1 in the 

development of the host defence in Arctic charr. Subsequently a Th2 driven 

adaptive immune response was detected resulting in B-cell recruitment, 
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which was found immunohistopathologically in lymphatic white pulp 

surrounding splenic ellipsoid arterioles.  

Four recombinant AsaP1-toxoids, AsaP1E294A, AsaP1E294Q, AsaP1Y309A, 

AsaP1Y309F, were constructed by single amino acid residue exchange through 

point mutations. The mutants AsaP1E294A, AsaP1E294Q and AsaP1Y309A were 

caseinolytically inactive, but enzymatic activity of AsaP1Y309F was significantly 

weakened compared to the wt AsaP1 enzyme. All mutants were nontoxic to 

fish and retained the ability to raise a specific immune response against wt 

AsaP1 in fish. The toxoid encoding genes, asaP1E294A and asaP1Y309F, were 

used for construction of two A. salmonicida subsp. achromogenes AsaP1-

toxoid strains by allelic exchange. The resulting mutants secrete an AsaP1-

toxoid instead of the AsaP1wt enzyme. Analysis of the recombinant AsaP1-

toxoids and the A. salmonicida subsp. achromogenes AsaP1-toxoid strains 

revealed that AsaP1, expressed as 37 kDa pre-pro-peptide, processes 

autocatalytically to the mature size of 19 kDa. An experimental bacterin 

based on the AsaP1Y309F-toxoid strain was found to induce significant 

protection in Arctic charr against atypical furunculosis. The protection was 

comparable to protection provided by a commercial polyvalent furunculosis 

vaccine.  

The results of this study provide new insights into the molecular regulation 

of AsaP1 expression, processing of the pre-pro-peptide to the mature 

peptidase, and the impact of AsaP1 in triggering an immune response 

against A. salmonicida subsp. achromogenes in Arctic charr. Furthermore, 

the protective capacity of an AsaP1-toxoid mutant based vaccine for fish was 

investigated, which is a new approach in the field of fish vaccinology.  
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Zusammenfassung 

Aeromonas salmonicida subsp. achromogenes ist ein Gram negatives, 

fischpathogenes Bakterium, welches atypische Furunkulose in Seesaibling, 

Salvelinus alpinus L. und vielen anderen in Aquakulturen gezüchteten 

Fischarten hervorruft. Diese Krankheit kann zu signifikanten ökonomischen 

Verlusten in der Aquakulturindustrie führen. Ziel dieser Arbeit waren die 

Untersuchungen der molekularen Virulenzmechanismen von A. salmonicida 

subsp. achromogenes sowie die Wirts-Pathogen-Beziehungen mit Fokus auf 

caseinolytische Metalloendopeptidase AsaP1, eines der wichtigsten 

extrazellulären und hoch immunogenen Virulenzfaktoren des Bakteriums. 

Desweiteren sollte eine neue Impfstrategie, die auf einem AsaP1-toxoid 

basiert, entwickelt werden. 

Der Einfluss des A. salmonicida subsp. achromogenes Quorum sensing 

Systems, ein LuxI/R Homolog, welches AsaI/R genannt wird, auf die 

Regulation der Virulenz und der Produktion von braunem Pigment wurde 

analysiert. Hierzu wurde durch allelische Insertion einer Kanamycin-Kassette 

eine A. salmonicida subsp. achromogenes asaI knock-out Mutante 

konstruiert. Die Mutation führte zu einem totalen Knock-out des Quorum 

sensing Systems und eine Regulation von AsaP1, zytotoxischer Aktivität und 

braunem Pigment über das Quorum sensing system konnte festgestellt 

werden, hingegen waren zellassoziierte Virulenzfaktoren wie A-layer und 

LPS nicht Quorum sensing reguliert. Desweiteren war die Virulenz der 

Quorum sensing Knock-out Mutante im Vergleich zum Wildtyp(Wt)-Stamm 

signifikant reduziert. 

Die angeborene und erworbene (adaptive) Immunantwort von Seesaibling 

wurde in Kopfniere, Leber und Milz während einer Infektion mit A. 

salmonicida subsp. achromogenes Wt bzw. AsaP1-Deletionsmutante mittels 

Reversetranskription-Qualitativer PCR (RT-qPCR) über 7 Tage analysiert. 

Die Ergebnisse zeigten eine Hochregulation von pro-inflammatorischen 

Zytokinen und Chemokinen. Die von den beiden unterschiedlichen 

Bakterienstämmen hervorgerufene Immunantwort war signifikant 

unterschiedlich, so war zum Beispiel CC-Chemokine Expression nur in mit 

der AsaP1-Deletionsmutante infiziertem Fisch signifikant erhöht. Das 

verdeutlicht die wichtige Rolle von AsaP1 in der Entwicklung einer 

Immunantwort auf A. salmonicida subsp. achromogenes in Seesaibling. 

Anschließend konnte eine Th2 betonte, adaptive Immunantwort beobachtet 

werden, resultierend in einer immunhistopathologisch nachgewiesenen B-Zell 
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Rekrutierung in der weißen Pulpa der Milz, welche ellipsoide Arteriolen 

umgibt. 

Vier rekombinante AsaP1-toxoide, AsaP1E294A, AsaP1E294Q, AsaP1Y309A, 

AsaP1Y309F, wurden mittels Austausch einzelner Aminosäurereste durch 

Punktmutationen konstruiert. Die Mutanten AsaP1E294A, AsaP1E294Q und 

AsaP1Y309A waren caseinolytisch inaktiv und die enzymatische Aktivität von 

AsaP1Y309F signifikant reduziert, verglichen mit dem rekombinanten Wt 

AsaP1. Alle Mutanten waren nicht toxisch in Fisch, konnten aber weiterhin 

eine spezifische Immunantwort gegen Wt AsaP1 in Fisch hervorrufen. 

Die beiden Toxoid kodierenden Gene, asaP1E294A and asaP1Y309F, wurden 

zur Konstruktion von zwei A. salmonicida subsp. achromogenes AsaP1-

Toxoid Stämmen mittels allelischem Austausch verwendet. Die 

resultierenden Mutanten sekretieren ein AsaP1-Toxoid anstelle des AsaP1 

Wt Enzymes. Die Analyse der rekombinanten AsaP1-Toxoide und der A. 

salmonicida subsp. achromogenes AsaP1-Toxoid Stämme ergab, dass 

AsaP1, welches als 37 kDa Prepropeptid expremiert wird, autokatalytisch zur 

aktiven 19 kDa Peptidase prozessiert wird. Ein experimentelles Bakterin, 

basierend auf dem AsaP1Y309F-Toxoid Stamm schützt Seesaibling signifikant 

gegen experimentelle atypische Furunkulose. Der Impfschutz ist vergleichbar 

mit dem eines polyvalenten, kommerziell erhältlichen Furunkuloseimpfstoffes. 

Die Ergebnisse dieser Studie geben neue Einblicke in die molekulare 

Regulation der AsaP1 Expression, Prozessierung der Prepropeptidase zur 

reifen Peptidase und der Auswirkungen von AsaP1 auf die Entwicklung einer 

Immunantwort von Seesaibling gegen A. salmonicida subsp. achromogenes. 

Desweiteren konnte erstmals ein Impfschutz durch eines auf einem Toxoid 

basierenden Impfstoffes für Fische gezeigt werden, was ein neues Verfahren 

zur Fischimpfstoffentwicklung darstellt. 

 

Schlagwörter: 
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1 Introduction 

1.1 Aeromonas salmonicida  

Aeromonas salmonicida is a Gram negative, fish pathogenic bacterium. The 

species can be divided into five subspecies: subsp. achromogenes, subsp. 

masoucida, subsp. pectinolytica, subsp. salmonicida, and subsp. smithia 

(Brenner et al. 2005). A sixth subspecies, subsp. flounderacida, has been 

proposed but remains to be correctly published (Zhang et al. 2005). A. 

salmonicida was first reported 1890 (Emmerich and Weibel), with the first 

subsp. salmonicida published 1953 (Griffin et al.). A. salmonicida subsp. 

achromogenes, first reported in 1963 (Smith 1963; Schubert 1967), was 

previously grouped together with the three other subspecies of A. 

salmonicida (subsp. masoucida (Schubert 1969); subsp. smithia (Austin et al. 

1989); subsp. pectinolytica (Pavan et al. 2000)) and all new isolates, as 

atypical A. salmonicida strains (Austin and Austin 2007). Subsp. pectinolytica 

was isolated from a polluted river and has so far not been reported to be fish 

pathogenic, although genome sequencing revealed the presence of virulence 

related genes (Pavan et al. 2013). The group of atypical A. salmonicida 

strains has been described as a heterogeneous group, in contrast to the 

homogeneous group of typical A. salmonicida strains (Austin and Austin 

2007). But more recent research shows that A. salmonicida subsp. 

achromogenes is a phenotypically and genotypically homogeneous bacterial 

group causing atypical furunculosis in fish and the grouping in typical and 

atypical A. salmonicida should be reconsidered (Gudmundsdottir and 

Bjornsdottir 2007; Studer et al. 2013). 

 

 Taxonomic classification - A. salmonicida subsp. 1.1.1
achromogenes 

Bacterial strains can be taxonomically classified either by phenotypic 

methods including morphological, physiological and biochemical methods, or 

genetic analysis, which improves with more and more available sequence 

data (Austin and Austin 2007). 

One first approach of classifying A. salmonicida species is to compare 

pigment production to distinguish the subspecies (Austin 2011). Generally, 

bacteria belonging to the subsp. achromogenes show delayed production of 

brown pigment, no haemolytic activity, and no gas production during glucose 
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fermentation compared to the as typical termed bacteria of subsp. 

salmonicida (Brenner et al. 2005).  

The A. salmonicida subsp. achromogenes, strain Keldur265-87, used in 

this study, as well as several other reported strains of the subspecies 

achromogenes show delayed production of brown pigment, but the A. 

salmonicida subsp. achromogenes type strain NCIMB1110 has been 

reported to be pigment negative (Dalsgaard et al. 1998) (Figure 1).  

 

 

Figure 1: A. salmonicida strains cultivated on blood agar for 72 h at 22°C. Photo with 
the courtesy of Bjarnheiður K. Guðmundsdóttir. 

 

A. salmonicida subsp. achromogenes, strain Keldur265-87, is 

autoaggregating. It differs from the type strain of typical A. salmonicida, 

NCIMB1102,  in the following reactions: It produces indole, acid from 

sucrose, but not from salicin, it is resistant to ampicillin and cephalothin, it 

shows delayed production of brown pigment, it produces the toxic 

caseinolytic peptidase, AsaP1, but not the glycerophospholipid: cholesterol 
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acetyltransferase (GCAT) (Gudmundsdottir et al. 1990; Gunnlaugsdottir and 

Gudmundsdottir 1997).  

Konstantinidis et al. suggest that new bacterial isolates should be 

published with the average nucleotide identity (ANI) compared to the 

reference strain and the place of isolation to develop a genomic species 

definition in future (Konstantinidis et al. 2006). 

 

 Pigment production 1.1.2

Bacterial pigments often directly contribute to disease development, by 

inhibiting host defence mechanism, being pro-inflammatory or cytotoxic (Liu 

and Nizet 2009). There are also studies showing that quorum sensing 

regulated pigment production is not directly connected to the virulence of a 

bacterium, as described for Vibrio anguillarum (Croxatto et al. 2002). A. 

salmonicida species produce a brown pigment that is described as melanin 

like pigment (Shieh and Maclean 1974). The role of the pigment for the 

virulence of A. salmonicida strains is unknown, but pigment lacking strains of 

A. salmonicida subsp. salmonicida are found to be highly virulent for rainbow 

trout (Wiklund et al. 1993).  

 

 Infectious diseases caused by A. salmonicida in 1.1.3
aquaculture 

The atypical A. salmonicida strains cause ulcerative and systemic infections 

in salmonids and non-salmonids (Wiklund and Dalsgaard 1998; Burr and 

Frey 2007; Reith et al. 2008). There are several names for diseases resulting 

from infection with atypical A. salmonicida strains, depending on the infected 

host: ulcer disease of flounder, eel, and salmon; goldfish ulcer disease; carp 

erythrodermatitis; and in Tasmania marine Aeromonas disease of salmonids 

(Department of Agriculture 2012). 

Atypical furunculosis caused by A. salmonicida subsp. achromogenes is 

the main bacterial disease in Icelandic fish farming and has also been 

isolated from infected wild fish. It has been reported to be caused by a 

homogeneous group of bacteria (Gudmundsdottir and Bjornsdottir 2007). A. 

salmonicida subsp. achromogenes can infect salmonids, but as well cod, 

Gadus morhua L., halibut, Hippoglossus hippoglossus L., and spotted 

wolffish, Anahichas minor L., (Gudmundsdottir and Bjornsdottir 2007).  
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A. salmonicida subsp. achromogenes causes in all described fish species 

a systemic disease, reported pathological changes of the studied species 

are, however, different (Gudmundsdóttir et al. 1997; Magnadottir et al. 2002; 

Gudmundsdottir et al. 2003; Gudmundsdottir and Bjornsdottir 2007). A. 

salmonicida subsp. achromogenes infection in Atlantic salmon, Salmo salar 

L., is a systemic disease, atypical furunculosis, but can also manifest in skin 

lesions (furuncles) surrounded by haemorrhages, which is often symptomatic 

for chronically infected fish (Figure 2) (Gudmundsdóttir et al. 1997). Lesions 

detected in fish suffering from atypical furunculosis have been reported to be 

less deep and haemorrhages are less pronounced, compared to infection by 

typical A. salmonicida subsp. salmonicida (Figure 2 and 3). Internal signs 

that are commonly reported are haemorrhages, necrosis and degeneration in 

skin and muscle, haemorrhages and necrosis in kidney, degeneration in the 

heart muscle, and fusion of the secondary gill lamellae (Gudmundsdóttir et al. 

1997; Gudmundsdottir and Bjornsdottir 2007).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Atlantic salmon infected with A. salmonicida subsp. achromogenes , 

causing skin liquefactions and bleeding from the anus. Photo with the courtesy of 
Bjarnheiður K. Guðmundsdóttir. 
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Figure 3: Atlantic salmon infected with A. salmonicida subsp. salmonicida , 

manifested in skin liquefactions. Photo with the courtesy of Bjarnheiður K. 
Guðmundsdóttir. 

 

Cod infected with A. salmonicida subsp. achromogenes has been shown 

to develop typical ulceration associated with atypical furunculosis. However, 

ulcers are found to be surrounded with granulomatous tissue and 

granulomatous formations can be detected in several organs, which is 

specific for bacterial infections in cod (Magnadottir et al. 2002; 

Gudmundsdottir and Bjornsdottir 2007).  

Halibut and turbot, Scophthalmus maximus L., are sensitive to A. 

salmonicida subsp. achromogenes infection and develop atypical 

furunculosis with comparable disease signs as salmonids (Gudmundsdottir et 

al. 2003; Bjornsdottir et al. 2005). Haemorrhages, necrosis and degeneration 

in skin and muscle, haemorrhages and necrosis in kidney, degeneration in 

the heart muscle, and fusion of the secondary gill lamellae could be detected 

histopathologically in infected turbot (Bjornsdottir et al. 2005). 

In Finland achromogenic A. salmonicida strains, which differ regarding 

extracellular virulence factors from A. salmonicida subsp. achromogenes 

isolated in Iceland (Gudmundsdottir et al. 2003), have been reported to infect 

mainly Arctic charr, Salvelinus alpinus L., and European grayling, Thymallus 

thymallus L. (Pylkko et al. 2005). 

A. salmonicida subsp. salmonicida causes typical furunculosis, particularly 

in salmonid fish. This systemic disease is very well described elsewhere 

(Austin and Austin 2007; Dallaire-Dufresne et al. 2014). 
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A. salmonicida subsp. smithia has been reported to cause an ulcerative 

and haemorrhagic disease in Arctic charr cultured at different places in 

Austria (Goldschmidt-Clermont et al. 2009). 

 

 Virulence factors 1.1.4

For invasion of a host and development of a disease bacteria need to be able 

to adhere to host tissue, enter the host and evade host defence mechanisms. 

Therefore all bacterial structures which help to fulfil these tasks are defined 

as virulence factors. They can be divided into cell associated and 

extracellular secreted virulence factors, as well as secretion and bacterial 

communication systems (i.e., quorum sensing) (Beaz-Hidalgo and Figueras 

2013). The availability of genome sequences offers a broad overview of 

potential virulence mechanisms in A. salmonicida. However, a full sequenced 

genome of A. salmonicida subsp. achromogenes is not published, yet, but 

much information is available in the EST database. The two published 

genome sequences from typical A. salmonicida strains (Reith et al. 2008; 

Charette et al. 2012), have been reviewed with the focus on virulence factors 

(Beaz-Hidalgo and Figueras 2013). Further, all new insights gained by 

genomic sequencing need to be analysed by different methods on different 

strains to prove the functionality of the potential virulence factors. Dallaire-

Dufresne et al. (2014) has reviewed virulence and genomic features of A. 

salmonicida with focus on the subsp. salmonicida and its published genome 

of strain A449. Further, an elaborated review can be found about virulence 

features of the genus Aeromonas and its 20 reported species (Tomas 2012). 

A broad comparison of virulence genes with emphasises on A. 

salmonicida subsp. salmonicida, including one strain of subsp. 

achromogenes was performed by comparative genomics profiling (Nash et al. 

2006). 

Generally, the presence of virulence factors is dependent on growth 

conditions of the bacterial cells and can differ between laboratory and field 

conditions (Daher et al. 2011). Especially growth above 25°C leads to a loss 

of virulence genes, which can be explained by genomic rearrangements and 

therefore non-functional genes (Daher et al. 2011; Dallaire-Dufresne et al. 

2014). 
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1.1.4.1 Cell associated virulence factors 

Cell associated virulence factors including surface structures (i.e., A-layer, 

lipopolysaccharide (LPS), O-polysaccharide), porins, flagella, and pili (i.e., 

type I and type IV pili) enable the bacterium to adhere to and enter the host 

cell.  

A. salmonicida subsp. achromogenes, strain Keldur265-87, possesses an 

A-layer (Magnadottir et al. 1995). The A-layer, also called S-layer (surface-

layer), is an additional protein surface layer, consists of the A-protein and is 

encoded by vapA (Chu et al. 1991). The layer is dispersed with the O-

polysaccharide (O-Antigen), which is anchored in the LPS layer of A. 

salmonicida (Chart et al. 1984; Belland and Trust 1985). Giving the bacterial 

cell a higher hydrophobicity, this layer is responsible for autoagglutination of 

bacterial cells and adhesion to fish macrophages (Garduno et al. 2000). The 

A-layer is highly immunogenic, but in a passive immunisation experiment with 

A. salmonicida subsp. achromogenes challenged Atlantic salmon, no 

effective protection could be detected (Magnadottir et al. 1995; 

Gudmundsdottir and Magnadottir 1997). Further, a high divergence between 

A-layers of atypical A. salmonicida strains have been reported and it could be 

shown that the divergence in the A-layer could be a reason for different 

efficacies of furunculosis vaccines against different atypical strains in spotted 

wolffish (Lund et al. 2003). 

In A. salmonicida subsp. salmonicida, strain 450, a complement activating 

porin was found, which shows a functional similarity to the porin II of A. 

hydrophila, which is able to give immune protection and is postulated as an 

interesting vaccine candidate (Merino et al. 2005). 

Full sets of genes for both flagella types polar and lateral, respectively, 

have been found in the genome of A. salmonicida subsp. salmonicida, strain 

A449. However, both sets include disrupted genes, what suggests that both 

flagellins are non-functional; matching the observation that A. salmonicida 

subsp. salmonicida is non-motile (Reith et al. 2008).  

Pili are hairlike protein structures on bacterial cell surfaces that are often 

possessed by Gram negative bacteria. Although there are no visible pili on 

the surface of A. salmonicida subsp. salmonicida, it has genes of one type I 

pili system and three type IV pili systems (Reith et al. 2008). All three type IV 

pili systems include disrupted genes and are therefore assumed as non-

functional. However, despite this assumption it could be shown that knock-

out of the polar Tap type IV pili system resulted in reduced virulence of the 

mutant strain (Boyd et al. 2008).  
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1.1.4.2 Iron acquisition 

Iron-regulated outer membrane proteins (IROMPs) and siderophores enable 

the bacterium to acquire iron in an iron restricted environment like the host. 

A. salmonicida subsp. achromogenes, strain Keldur265-87, possesses iron-

regulated outer membrane proteins (IROMPs) for iron up-take in iron 

restricted environments. IROMPs appear to be conserved in all A. 

salmonicida strains and found to be protective antigens in Atlantic salmon 

against A. salmonicida infection (Hirst and Ellis 1994). 

Extracellular molecules for iron up-take, like siderophores, transferrin, 

lactoferrin, and ferritin support the iron-uptake system in many bacteria. So 

far, only A. salmonicida subsp. salmonicida strains are known to feature 

siderophores (Hirst et al. 1991; Hirst and Ellis 1996). A. salmonicida subsp. 

achromogenes secretes no siderophores for iron up-take, but is able to 

induce iron release from transferrin and salmon serum (Hirst and Ellis 1996). 

 

1.1.4.3 Secretion pathways 

Gram negative bacteria have in general six different secretion pathways 

(Figure 4) (Tseng et al. 2009; Burkinshaw and Strynadka 2014; Christie et al. 

2014; Minamino 2014; Nivaskumar and Francetic 2014; Thomas et al. 2014; 

van Ulsen et al. 2014; Zoued et al. 2014) but up to eight different secretion 

pathways have been reported (Saier 2006). 

 

 

 

 

 

 

 

 

 

Figure 4: Simplified overview of secretion systems in Gram negative bacteria. HM: 
Host membrane; OM: outer membrane; IM: inner membrane; OMP: outer membrane 
protein; MFP: membrane fusion protein. ATPases and chaperones are shown in 
yellow. Figure adapted from Tseng et al. (2009). 
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Secreted proteins can be either transported via the inner and outer 

membrane within a single step (via type I (T1SS), type III (T3SS), type IV 

(T4SS), or type VI (T6SS) secretion system) or first transported to the 

periplasmic space (via sec (type II, T2SS) or tat (type V, T5SS) secretion 

system) and subsequently translocated across the outer membrane (via 

T2SS or T5SS secretion system or seldom via T1SS or T4SS) (Figure 4) 

(Tseng et al. 2009). 

The genome of A. salmonicida subsp. salmonicida A449 has been 

sequenced and the bacterium contains two functional secretion systems: 

T2SS and T3SS (Reith et al. 2008). The T2SS, highly similar to the Type IV 

Pili, is a sec or tat dependent pathway and serves for secretion of proteins 

outside the bacterial cell (Lycklama and Driessen 2012; Nivaskumar and 

Francetic 2014). The T3SS enables the bacterial cell to transfer proteins 

directly into the host cell through a needle like apparatus (Burkinshaw and 

Strynadka 2014; Minamino 2014). The T3SS of A. salmonicida subsp. 

salmonicida, crucial for pathogenicity, has been reviewed in detail (Dallaire-

Dufresne et al. 2014; Vanden Bergh and Frey 2014) and it has been 

proposed to be a promising target for vaccine development (Vanden Bergh et 

al. 2013). Secreted virulence factors dependent on T3SS are described more 

in detail in the section 1.1.4.4. Furthermore, it has been hypothesised, that A. 

salmonicida subsp. salmonicida uses the T3SS and its effectors to neutralise 

the fish immune system along the incubation period 3-4 days post infection 

(Vanden Bergh and Frey 2014).  

Genes of the type VI secretion system (T6SS), also involved in the direct 

transfer of proteins into the host cell (Zoued et al. 2014), can be found in the 

genome of subsp. salmonicida strain A449, but main genes are disrupted, 

which leads to the assumption that T6SS is not functional in A. salmonicida 

subsp. salmonicida (Reith et al. 2008). However, in A. hydrophila it could be 

shown that T6SS induces cytotoxicity in eukaryotic cells (Suarez et al. 2010).  

The comparative microarray study of Nash et al. (2006) revealed that the 

analysed strain of subsp. achromogenes (ATCC 33659) differs only in 4 

genes related to the secretion systems from the subsp. salmonicida 

reference strain A449. However, it is not further discussed which genes are 

different. Despite, there are still many open questions concerning the 

secretion systems of A. salmonicida in general and there is no published data 

of subsp. achromogenes secretion systems. 
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1.1.4.4 Virulence factors secreted by T3SS 

The T3SS has a major impact in bacterial pathogenicity and enables the 

bacterium to directly secrete effectors into host cells. The complete repertoire 

of T3SS effectors has been analysed for A. salmonicida subsp. salmonicida 

(Vanden Bergh et al. 2013).  

The T3SS effectors AexT, AopH, Ati2, AopP, AopO, AopN, AopS, AopX, 

ExsE, and Ati1 have been described in A. salmonicida subsp. salmonicida 

(Vanden Bergh et al. 2013; Vanden Bergh and Frey 2014). AexT, AopP and 

Ati2 have been characterised in detail and function of the others can be 

assumed from properties of homologues effectors studied in other pathogenic 

bacteria (Table 1). The review of Vanden Bergh and Frey provides a detailed 

schematic overview of the main intracellular effects of A. salmonicida T3SS 

effectors (Vanden Bergh and Frey 2014).  

 

Table 1: T3SS effectors and their intracellular functions (Vanden Bergh and Frey 
2014). 

T3SS effector                      Known or hypothesised  function 

AexT Depolymerises muscular and non-muscular actin and plays a role in cell rounding. 

AopH  Assumed to cause loss of focal adhesion complex, alteration of the actin cytoskeleton and 

blocking of phagocytosis. Further, YopH, the homolog effector described in Yersinia, 

inhibits lymphocyte proliferation and the synthesis of monocyte chemotactic protein 1. 

Ati2 Assumed to be involved in detachment of actin-binding proteins from the plasma 

membrane, membrane blebbing, and acceleration of cytolysis. 

AopP Inhibits the NF-κB signalling pathway and acts pro-apoptotic. 

AopO Assumed to disturb the normal distribution of actin in the host cell 

AopN Controls secretion of translocator protein and suppresses immunity; a homolog was found 

to inhibit microtubule polymerization and therefore interferes with the metaphase of the cell 

division 

AopS Assumed to inhibit actin assembly and prevent NLRC4 inflammasome activation 

AopX A homolog was found to target lipid raft in the cytoplasmic membrane, but the function is 

unknown 

ExsE A homolog was found to be important for transcription activation of T3SS, but a function in 

the host cell is not known 

Ati1 Is a chaperone, a function in the host cell is not known 
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Expression of the virulence factors (VapA, AerA, AerB, GCAT, Pla1, PlaC, 

TagA, Ahe2, GbpA and enolase), which are not secreted via T3SS is found 

up-regulated in a T3SS knock-out mutant, however the mutant is avirulent 

showing that these virulence factors play a secondary role in the 

pathogenesis (Vanden Bergh and Frey 2014).  

 

1.1.4.5 Extracellular virulence factors 

Secreted extracellular proteases differ among typical and atypical strains and 

strains of A. salmonicida can be divided in six different groups according to 

their extracellular proteases (Table 2). Strains belonging to the subsp. 

salmonicida form the first group. A type strain, NCIMB 1110, for A. 

salmonicida subsp. achromogenes groups with strain Keldur265-87 in group 

2 comprising three main protease activities: a 1,10-phenanthroline (OPA, 

metallopeptidase inhibitor) sensitive caseinase (AsaP1), a phenylmethane-

sulfonylfluoride (PMSF, serine protease inhibitor) sensitive caseinase, and a 

OPA sensitive gelatinase (P2 like). AsaP1 (A. salmonicida subsp. 

achromogenes peptidase 1) is only secreted by strains of group 2 and 3, 

whereas strains of group 3 only secrete AsaP1 and the same gelatinolytic 

metallopeptidase as group 2. It has been shown that AsaP1 is one of the 

major virulence factors of the subsp. achromogenes: a knock-out of this 

extracellular protease leads to impaired virulence and uncontrolled growth in 

organs of infected Atlantic salmon during infection (Arnadottir et al. 2009). 

Strains of protease groups 2 and 3 were found to possess a metalloprotease 

of 30 kDa with gelatinolytic and caseinolytic activity, which is different to 

AsaP1 (Table 2). 
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Table 2: A. salmonicida strains grouped by proteolytic activity into six groups 

(Gudmundsdottir 1996). 

Group 

number 
Proteolytic activity A. salmonicida type strain 

1 PMSF-sensitive caseinase (P1, 70 kDa) 

PMSF-sensitive gelatinase (P1, 70 kDa) 

OPA-sensitive gelatinase (P2, 20 kDa) 

 

subsp. salmonicida strains 

NCIMB 1102 

2 OPA-sensitive caseinase (AsaP1, 19 kDa) 

PMSF-sensitive caseinase 

OPA-sensitive gelatinase (30 kDa) 

 

subsp. achromogenes strains 

NCIMB 1110 

3 OPA-sensitive caseinase (AsaP1, 19 kDa) 

OPA-sensitive gelatinase (30 kDa) 

 

atypical strains 

4 PMSF-sensitive caseinase (P1, 70 kDa) 

PMSF-sensitive gelatinase (P1, 70 kDa) 

 

atypical strains 

5 PMSF-sensitive caseinase 

OPA-sensitive gelatinase (P2, 20 kDa) 

 

atypical strains 

6 OPA-sensitive gelatinase (P2, 20 kDa) 

 

atypical strains 

 

A. salmonicida subsp. salmonicida strains secrete as main extracellular 

proteases the gelatinolytic and caseinolytic serine protease P1, encoded by 

aspA, with a size of 70 kDa (Fyfe et al. 1987; Price et al. 1989; 

Gudmundsdottir 1996), and the 20 kDa metallo-gelatinase P2 (Rockey et al. 

1988). The serine protease P1 has not been found to be a primary virulence 

factor of A. salmonicida subsp. salmonicida (Vipond et al. 1998). 

All A. salmonicida strains tested in the study by Gudmundsdottir (1996) 

with the exception of the atypical strains featuring the serine protease P1 

possess an extracellular metallo-gelatinase with the molecular weight of 

20 kDa, comparable to the P2 gelatinase of A. salmonicida subsp. 

salmonicida.  There have been several gelatinolytic proteases detected in the 

ECP of A. salmonicida subsp. salmonicida and achromogenes (Rockey et al. 

1988; Price et al. 1989; Arnesen et al. 1995; Gudmundsdottir 1996). A. 

salmonicida subsp. masoucida and subsp. smithia secrete the serine 

protease P1 (Austin et al. 1998).  

The 26-27 kDa sized extracellular enzyme GCAT with cytolytic and 

haemolytic activity can be found complexed with LPS (MW > 1000 kDa) or 

freely, secreted by A. salmonicida subsp. salmonicida strains (Lee and Ellis 
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1990; Eggset et al. 1994; Ellis 1997). Although GCAT complexed with LPS 

has been described as the major lethal exotoxin of A. salmonicida subsp. 

salmonicida in salmon (Lee and Ellis 1990; Eggset et al. 1994), there is also 

data showing that a knock-out mutant of GCAT is not resulting in impaired 

virulence of A. salmonicida subsp. salmonicida (Vipond et al. 1998). GCAT is 

expressed as 38 kDa pro-enzyme and processed extracellular by the serine 

protease P1 (Vipond et al. 1998). Haemolytic activity of GCAT against fish 

red blood cells could be inhibited by a monoclonal antibody in vivo 

(Lachmann and Droessler 2002). Although all analysed strains of A. 

salmonicida, including A. salmonicida subsp. achromogenes, strain 

Keldur265-87, in two separate studies possess the gene satA encoding for 

GCAT, only strains of the subsp. salmonicida have been found to have 

GCAT-like activity in the ECP which can be explained in A. salmonicida 

subsp. achromogenes, strain Keldur265-87, by a frame shift mutation in the 

satA gene (Hoie et al. 1999; Hvanndal 2003; Madetoja et al. 2003). These 

findings are in accordance with previous results showing that the subsp. 

achromogenes does not possess GCAT (Gunnlaugsdottir and 

Gudmundsdottir 1997). 

Analysis of the genome of A. salmonicida subsp. salmonicida strain A449 

revealed the presence of the extracellular toxins aerolysin, hemolysin, and 

repeats in toxin (RTX) (Reith et al. 2008). A protein identified as RTX has 

been isolated from the ECP of A. salmonicida subsp. achromogenes, strain 

Keldur265-87 (Gudmundsdottir BK, unpublished data). The virulence factors 

of A. salmonicida subsp. salmonicida have been broadly researched and 

phenotypic analysis have been reported and new insights found by the 

sequencing of the whole genome of subsp. salmonicida (Reith et al. 2008). 

The genomes of subsp. achromogenes and the other subsp. of A. 

salmonicida have not been sequenced yet.  

 

 AsaP1  1.1.5

The metalloendopeptidase AsaP1 is the major extracellular peptidase of A. 

salmonicida subsp. achromogenes (Gudmundsdottir et al. 1990; 

Gudmundsdottir et al. 2003; Arnadottir et al. 2009). AsaP1 is expressed with 

a size of 37 kDa as pre-pro-peptide comprising a signal sequence, a pro-

peptide and the peptidase domain (Arnadottir et al. 2009), as typical for 

extracellular peptidases of Gram negative bacteria (Wandersman 1989) 

(Figure 5).  



  

18 

 

 

 

 

Figure 5: Pre-pro-peptidase AsaP1 consisting of a signal sequence (1-21 aa), pro-

peptide (22-171 aa) and the mature peptidase (172-343 aa). The two conserved 

motifs are highlighted and zinc binding amino acid residues are shown in dark grey.  

 

The signal sequence enables translocation of the peptidase through the 

cytoplasmic membrane by a sec-dependent pathway, whereas the function of 

the pro-peptide and the precise mechanism of maturation remain to be 

elucidated. Inhibition of peptidase function, as well as activation by 

autocatalysis, are functions associated with pro-peptides (Häse and 

Finkelstein 1993; Gao et al. 2010). The mature AsaP1 found in the ECP of A. 

salmonicida subsp. achromogenes has a size of 19 kDa and is highly lethal 

when injected in fish (50% lethal dose (LD50) = 30 ng protein/ g Atlantic 

salmon fingerlings) (Gudmundsdottir et al. 1990; Arnadottir et al. 2009).  

AsaP1 belongs to the M35 family of zinc peptidases. The zinc ion is 

coordinated by two histidine residues, a third amino acid and a water 

molecule or the substrate. This is typical for metalloendopeptidases where 

the zinc ion has a catalytic function (Hooper 1994). The two zinc binding 

histidine residues and a catalytic glutamate residue are conserved in the 

characteristic HExxH motif (Figure 5). The glutamate (E294 in AsaP1) 

supports the nucleophilic attack on the scissile peptide bond by a water 

molecule (Fushimi et al. 1999) (Figure 5). The third zinc ligand differs 

between subclasses of metalloendopeptidases, depending on the third ligand 

they can be divided in gluzincins, aspzincins, and metzincins (Hooper 1994). 

AsaP1 is a member of the aspzincins and the third zinc ligand aspartate is 

located in the highly conserved aspzincin motif GTxDxxYG (Figure 5). The 

aspzincin motif also contains a conserved tyrosine residue (Y309 in AsaP1) 

(Figure 5), which has been assigned in other aspzincins to stabilise the 

tetrahedral intermediate of the catalysed reaction, comparable to the 

oxyanion hole of serine proteases (Kraut 1977; Bryan et al. 1986). 

Additionally, it may influence the substrate specificity of the enzyme, 

providing a hydrophobic environment in the substrate binding site (Hori et al. 

2001). 

AsaP1 has been successfully (1029 bp, 343 aa) cloned and expressed in 

E. coli. However, recombinant AsaP1wt accumulated in E. coli and the 



  

19 

 

processed size was 22 kDa (Hvanndal 2003). An A. salmonicida subsp. 

achromogenes AsaP1 knock-out mutant has been constructed by allelic 

exchange with a kanamycin cassette (Arnadottir et al. 2009). Virulence of the 

resulting AsaP1-deficient strain was impaired and bacteria were found to 

excessively colonise organs in fish, presumably unrecognized by the host 

defence mechanisms (Arnadottir et al. 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Superposition of the active sites of the AsaP1-toxoid mutant structures 

centrated on the zinc ion. The two structures of AsaP1E294A-toxoid mutant are shown 
in dark and light blue. The active site of the AsaP1E294Q-toxoid mutant is coloured 
green. The active-site zinc ion is shown as magenta sphere and the chloride ion found 
in one of the AsaP1E294A mutant structures is shown as green sphere. Amino acids at 
the active site are labeled and presented with the oxygen atoms in red and the 

nitrogen atoms in blue (Bogdanović 2012). 

 

The toxoid mutants AsaP1E294A and AsaP1E294Q derived from recombinant 

AsaP1wt could be expressed in high amounts, in contrast to the recombinant 

AsaP1wt, which was highly aggressive to the E. coli cells (Hentschke 2008; 

Bogdanović et al. 2009). Further, AsaP1E294A and AsaP1E294Q were 

crystallised and the structure of the pre-pro-peptidase solved (pdb-entries: 

(AsaP1E294A) 2x3B; (AsaP1E294Q) 2x3A and 2x3C) (Bogdanović 2012) 

(manuscript in preparation: Bogdanović X, Schwenteit JM, Singh RK, 

Gudmundsdottir BK, Hinrichs W. Structure of two different inactive mutants of 



  

20 

 

AsaP1, an aspzincin metalloendopeptidase, in complex with its pro-peptide) 

(Figure 6 and Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Structure of the AsaP1E294A-toxoid mutant. Displayed are the two possible 

positions of the pro-peptide (light blue and pale green). The protease domain is 
shown in dark green (helices) and dark blue (sheets) (Bogdanović 2012). 

 

 

 

 

 

 

 



  

21 

 

1.2 Regulation of gene expression by quorum sensing 

Quorum sensing describes a communication mechanism between bacteria, 

based on expression and recognition of small signal molecules, also named 

autoinducers, which allow bacteria to synchronise gene expression with 

population density (Waters and Bassler 2005). The species specific 

autoinducer is recognized by a highly specific autoinducer receptor/ DNA-

binding transcriptional regulator, which leads to a high specification of 

bacterial intraspecies communication (Engebrecht et al. 1983).  

N-Acyl-L-homoserine lactones (AHL’s) are signals of autoinducer-1 cell-

cell communication systems in Gram negative bacteria. They have the same 

basic structure, but differ in substitution and chain length between bacterial 

species (Figure 8). 

 

 

 

 

 

Figure 8: N-Acyl-L-homoserine lactone (AHL). Length of side chain R1 varies from 1-

15 carbon atoms and substitutions at β-position vary between different AHL‘s (R2 = 
hydoxyl-, carbonyl-, and no residual). 

 

The first discovered quorum sensing system is the LuxI/ LuxR system of 

Vibrio fischeri, which colonizes the light organ of the Hawaiian squid, 

Euprymna scolopes L., (Nealson and Hastings 1979; Visick et al. 2000). LuxI 

is the autoinducer synthase, LuxR the autoinducer receptor and N-3-oxo-

hexanoyl-L-homoserine lactone (3-oxo-C6-HSL) the respective autoinducer 

of V. fischeri (Figures 8 and 9). The LuxI/ LuxR system controls the 

luciferase operon (luxICDABE) and is considered to be the paradigm for most 

autoinducer-1 based quorum sensing systems of Gram negative bacteria. 

(Eberhard et al. 1981; Engebrecht and Silverman 1984). The luciferase 

operon is expressed in case of high cell densities of V. fischeri, hiding the 

shadow of the squid during the day. The squid empties its light organ, when 

night is falling and the luminescence stops due to low bacterial cell densities.  
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Figure 9: Schematic view of the LuxI/ R quorum sensing system of Vibrio fischeri. (A) 

Autoinducers (3-oxo-C6-HSL), synthesised by the autoinducer synthase LuxI, diffuse 
out of the bacterial cell in cell populations under a certain treshhold cell density, LuxR 
is an inactive monomer and the lux operon not expressed. (B) The autoinducer 

concentration inside the bacterial cell increases, as the bacterial population reaches a 
threshold population density. It binds LuxR, which is an activated dimer and functions 
as transcription activator of the lux operon. 

 

Small autoinducers, like short chained AHL’s diffuse freely in and out of 

the bacterial cell and accumulate in the cell, when concentration outside the 

cells is increasing. However, for more sterically complex autoinducers 

active-efflux pumps were described to transport autoinducers outside the cell 

to avoid a premature activation of the autoinducer receptor and gene 

transcription regulator, homolog to LuxR (Pearson et al. 1999). The 

autoinducer is bound by the receptor (e.g., LuxR), further when a threshold 

concentration is reached the receptor gets activated and serves as gene 

regulator for genes involved for example in bioluminescence (e.g., 

luxICDABE), biofilm formation, conjugation, antibiotic production and 

virulence.  

Bacterial pathogens often have one or more quorum sensing systems to 

synchronise the expression of virulence genes in order to attack the host only 

when there is a chance to overcome host defence before being discovered 

(Williams et al. 2000; Bruhn et al. 2005; Dobretsov et al. 2009).  

It has been found that a quorum sensing system homolog to LuxI/ R is 

universally present in the genus Aeromonas (Jangid et al. 2007). The 

LuxI/ LuxR-homolog quorum sensing systems in Aeromonas salmonicida and 

Aeromonas hydrophila are named AsaI/ R and AhyI/ R, respectively (Swift et 

al. 1997). Both produce mainly the autoinducer N-butanoyl-L-homoserine 

lactone (C4-HSL, Figure 10), but in cultures of A. salmonicida subsp. 
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salmonicida N-decanoyl-L-homoserine lactone (C12-HSL), N-hexanoyl-L-

homoserine lactone (C6-HSL), and 3-oxo-C6-HSL were also found (Swift et 

al. 1997) (Figure 10). 

 

 

 

 

 

 

 

 

Figure 10: AHL molecules expressed by Aeromonas salmonicida subsp. salmonicida. 
(A) N-butanoyl-L-homoserine lactone (C4-HSL), N-decanoyl-L-homoserine lactone 
(C12-HSL), N-hexanoyl-L-homoserine lactone (C6-HSL), and N-3-oxo-hexanoyl-L-
homoserine lactone (3-oxo-C6-HSL) 

 

 Quorum sensing inhibitors 1.2.1

Many pathogens use quorum sensing regulated biofilms to avoid early 

discovery by the host and the number of multi resistant bacterial strains is 

increasing due to excessive use of antibiotics. Therefore, bioactive molecules 

and synthetic compounds which interfere with the quorum sensing system of 

the pathogen may provide an alternative treatment of bacterial infections 

(Kalia 2013). 

Quorum sensing inhibition can function in four different ways: reducing the 

activity of either autoinducer synthase (LuxI) or receptor (LuxR); inhibition of 

the autoinducer synthase (LuxI); competitive inhibition of the autoinducer 

receptor (LuxR); or degradation of AHL signals (Kalia 2013).  

Persson et al. (2005) published a variety of potential AHL analogons and 

therefore competitive inhibitors of quorum sensing. It was shown that N-

(heptylsulfanylacetyl)-L-homoserine lactone (HepS-AHL) is a potent inhibitor, 

but also N-(propylsulfanylacetyl)-L-homoserine lactone (ProS-AHL), and N-

(pentylsulfanylacetyl)-L-homoserine lactone (PenS-AHL) have shown 

inhibiting potential in Pseudomonas aeruginosa (Figure 11).  
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Figure 11: Quorum sensing inhibitors. (A) ProS-AHL, (B) PenS-AHL, and (C) HepS-
AHL are AHL analogons and competitive inhibitors (Persson et al. 2005).  

 

 

1.3 Salmonids in Aquaculture 

In the last five decades, aquaculture has been growing more rapidly than any 

other food-producing sector in the world, with an average growth rate of 3.2% 

per year in the period 1961-2009 (FAO 2012), whereas amounts of fish by 

capture stayed constant for the last two decades. 

In 2010, 148 million tonnes of fish were produced worldwide by 

aquaculture and capture fisheries, thereof 128 tonnes were used as human 

food, and 45% of fish consumed by humans has been produced in 

aquaculture (FAO 2007; FAO 2012). In contrast, in 1980 only 9% of fish 

consumption was aquacultured fish (FAO 2007). Aquaculture production in 

the European Union doubled from 1980 to 2000, from 642,000 tonnes to 

1,315,000 tonnes (COM 2002).  

In Iceland, aquaculture of fish, mainly salmonids for food production, 

began 1951. Before that, aquaculture served for restocking of rivers 

(Kristinsson 1992). Just before 1980 aquaculture began to be up-scaled and 

the industry of culturing fish increased every year (Figure 12). In 2006, 

aquaculture production had a peak with about 10,000 tonnes, with Atlantic 

salmon as main species (Figure 12). Then production dropped to 5700 

tonnes, including only 880 tonnes of Atlantic salmon (Paisley et al. 2010) 

(Figure 12). 

A B C
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Figure 12: Salmonid (Arctic charr, Atlantic salmon, rainbow trout, sea trout, Salmo 
trutta, L.)  production in tonnes by aquaculture and capture in Iceland from 1985-

2014. Data gained by FishStatJ (Sibeni and Calderini) up to 2011. Data from 2012 
and prognoses for the years 2013 and 2014 from The Icelandic Aquaculture 
Association, 2013 

 

This shift from cultivation of Atlantic salmon, with a peak production of 

6624 t in 2004, 6488 t in 2005, and 5224 t in 2006 towards Arctic charr 

(Figure 12), can be explained with the shut-down of two of the biggest 

Icelandic sea cage salmon farms in 2007, but also that sea-cage farms are 

more often damaged by storms and attacked by jellyfish (Paisley et al. 2010). 

Therefore, culturing of freshwater fish, as Arctic charr, is economically more 

stable.  

Arctic charr production was so far highest in 2008, with 3160 t, and 2012, 

with 3260 t, and predictions are, that Arctic charr production in Iceland will 

slowly grow the coming years (Figure 12). Due to new techniques, farming of 

Atlantic salmon in sea cages is currently expanding in Iceland and the 

estimated production in 2014 is about 13000 t (Fiskeldisstöðva 2013). 

 

 Arctic charr, Salvelinus alpinus L. 1.3.1

Arctic charr belongs to the family Salmonidae and are native to arctic, sub-

arctic and alpine lakes and coastal waters. Populations of Arctic charr show a 

high variety and can be either landlocked, i.e., spending their entire life cycle 

in freshwater, or anadromous, i.e., migrating from sea water into freshwater 

to spawn (Klemetsen et al. 2003).  
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Today, the most important farmed species in Iceland is Arctic charr, one 

of the northernmost freshwater fish species, and Iceland is the leading 

producer of Arctic charr worldwide (Figure 13). In aquaculture, depending on 

rearing temperature and slaughtering size (300 - 2000 g), Arctic charr is 

slaughtered 15-30 months after hatching. 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Worldwide aquaculture production of Arctic charr. Data from FishStatJ 

(Sibeni and Calderini).  

 

 

1.4 Vaccines 

Vaccines aim to provide immunity against a specific disease, therefore 

weakened (attenuated) or killed microbes, their inactive exotoxins (toxoids) or 

surface proteins are used for vaccine preparations (Janeway et al. 2005). 

Most acellular vaccines require addition of adjuvants, since purified antigens 

are not necessarily immunogenic on their own (Janeway et al. 2005). 

Freund‘s complete adjuvant, widely used in animal experiments, contains 

dried mycobacteria in an oil and water emulsion, whereas Freund‘s 

incomplete adjuvant (FIA) used in the present study is an oil and water 

emulsion only, to minimize side effects (Janeway et al. 2005). 
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 Toxoid vaccines 1.4.1

Toxoid vaccines are based on an inactivated bacterial exotoxin (toxoid), 

which can be generated by chemical or genetic inactivation. Prominent 

representatives are tetanus toxoid and diphtheria toxoid vaccines, which are 

administered to infants in the first year (Janeway et al. 2005). Tetanus toxin, 

tetanospasmin, is a highly potent neurotoxin, secreted by Clostridium tetani 

(Borrow et al. 2006). Tetanospasmin can be inactivated by formaldehyde 

resulting in a toxoid (Borrow et al. 2006). The diphtheria toxin, the only 

exotoxin of Corynebacterium diphtheriae, can be fully inactivated with 

formaldehyde and heat and retains its immunogenicity (Scheifel and Ochnio 

2009). However, a genetically generated diphtheria toxoid, CRM197, is 

reported as a better alternative for immunisation (Giannini et al. 1984; 

Scheifel and Ochnio 2009).  

In aquaculture, vaccination is already well established. However, the use 

of a genetically generated toxoid in a fish vaccine has not been reported yet. 

 

 Vaccination of fish 1.4.2

Intensive culture of animals, generally promotes spreading of pathogens 

between individuals. In fish farms the effectiveness of pathogen transmission 

between individuals is particularly high due to the medium water and that 

infectious disease agents quickly spread within the population. Contact with 

pathogens of fish species reared in off shore nets is impossible to avoid.  

In the last decades several vaccines were developed after acute disease 

outbreaks. Fish can be vaccinated by injection, oral administration, and by 

immersion. Vaccination by injection is up to date the most effective way 

compared to oral or immersion vaccination (Plant and Lapatra 2011). Oral 

and immersion delivery methods would be less stressful and applicable also 

for fish under 20 g, whereas immersion delivery is more promising, especially 

with the relatively new ultrasound method (Navot et al. 2005; Osman et al. 

2009; Plant and Lapatra 2011). Therefore, both oral and immersion delivery 

methods have a great potential for the future (Plant and Lapatra 2011).  

Vaccination of fish has become an effective measure against bacterial fish 

diseases in aquaculture (Hastein et al. 2005). Several studies showed that 

introduction of a new vaccine can be directly correlated with a decrease of 

antibiotic application in fish farming (Hastein et al. 2005; Gudmundsdottir and 

Bjornsdottir 2007). In the year 2005, vaccines against 15 different bacterial 

diseases were used worldwide (Hastein et al. 2005). 
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Fish immersion vaccines consisting of formalin killed bacterial broth 

cultures were first developed against vibriosis in the seventies and eighties 

and shown to be very effective (Sommerset et al. 2005).  

However, immersion vaccines developed against furunculosis caused by 

A. salmonicida subsp. salmonicida were not effective and therefore the first 

injection vaccines containing an oil based adjuvant for salmonids were 

developed 1990 (Sommerset et al. 2005; Gudmundsdottir and Bjornsdottir 

2007). Shortly after, 1991, the first oil-based vaccine against atypical 

furunculosis, based on A. salmonicida subsp. achromogenes, was licensed in 

Iceland. It had a good efficacy and it was shown that protection of fish was 

significantly better 12 weeks than 6 weeks post immunisation, which 

correlates directly with a higher antibody titre against AsaP1 (Gudmundsdottir 

et al. 1997; Gudmundsdottir and Magnadottir 1997). Further, protection of 

Atlantic salmon against atypical furunculosis was reported to be better by 

injected detoxified extracellular products (dECP) compared to formalin killed 

cells (fcells) and is directly correlated with an increased antibody response 

against the extracellular peptidase AsaP1 (Gudmundsdottir and Magnadottir 

1997). 

Vaccines based on A. salmonicida subsp. salmonicida can cross-protect 

Atlantic salmon against infection with A. salmonicida subsp. achromogenes 

since typical and atypical A. salmonicida strains share some cellular and 

extracellular virulence factors (Gudmundsdottir and Gudmundsdottir 1997; 

Gudmundsdottir et al. 2003). However, vaccines based on A. salmonicida 

subsp. achromogenes could not protect Atlantic salmon against infection with 

typical A. salmonicida (Gudmundsdottir and Gudmundsdottir 1997). 

Furunculosis vaccines containing killed A. salmonicida subsp. salmonicida or 

subsp. achromogenes cells are always adjuvanted. Best efficacies are 

gained by oil adjuvants, but also glucan and alum are sometimes used 

(Hastein et al. 2005).  

Further, it has been shown that polyvalent vaccines, based on more than 

one bacterial strain, give a more effective protection compared to monovalent 

vaccines (Hoel et al. 1997; Lund et al. 2003).  
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1.5 Immune system of teleost 

The immune system is a defence mechanism to recognize and eliminate 

pathogens. In vertebrates, the immune system is divided into the innate and 

the adaptive immune system, whereas the adaptive immune system was first 

developed in jawed fish. Cells of the innate immune system are immediately 

available to combat a wide range of pathogens without requiring a prior 

exposure (Janeway et al. 2005). The fast, but short-lived immune response is 

followed by the longer lasting specific immune response, this lag time can, 

however, take 10-12 weeks in fish (Magnadottir 2010). 

 

 Morphology of the immune system 1.5.1

The immune systems of mammals and teleost differ in many properties, but 

the morphological differences, i.e., the structure and form of the immune 

system is probably the most striking (Press and Evensen 1999). Teleost lack 

a bone marrow and lymph nodes, which are central organs of the mammalian 

immune system (Janeway et al. 2005). The major lymphoid tissues in teleost 

are kidney, thymus and spleen, further the mucosa-associated lymphoid 

tissues skin and gills (Press and Evensen 1999). Additionally, intraepithelial 

lymphatic tissue has been discovered recently in the gills of Atlantic salmon 

(Haugarvoll et al. 2008).  

The thymus in teleost, covered by the gills, seems to vary in size with 

seasonal changes and hormonal cycle, whereas an involution with age, like 

in higher vertebrates is not a consistent feature (Press and Evensen 1999). 

The head-kidney, which has a high morphological similarity to the bone 

marrow of higher vertebrates, is an important haematopoietic organ, and 

serves also as a lymph node analogue (Press and Evensen 1999). Further, 

the head-kidney has an important role in the nonspecific immunity and 

clearance of damaged cells, i.e., it could be shown that more than 70% of 

injected radio labelled, heat killed bacterial cells are found in the head-kidney 

of rainbow trout (Ferguson et al. 1982). It has also been postulated that 

melanomacrophage accumulations, which are present in head-kidney tissue, 

could play an important role in developing the immunological memory of 

teleost, since they are capable of retaining antigens for longer periods and 

the head-kidney has been shown to be a major antibody producer (Press and 

Evensen 1999). 

http://dict.leo.org/ende/index_de.html#/search=haematopoietic&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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The spleen of teleost  fish consists of red and white pulp, comparable to 

higher vertebrates, whereas the red pulp, composed of diverse cell 

populations including macrophages and lymphocytes and nourished by small 

blood vessels (sinusoids), builds the majority of the organ (Press and 

Evensen 1999). The white pulp can be divided in melanomacrophage 

accumulations and the ellipsoids, which are terminations of arterioles, where 

clusters of T-cells have been found (Press and Evensen 1999; Koppang et al. 

2010). Melanomacrophage accumulations are surrounded by lymphocyte rich 

white pulp and close to blood vessels. As proposed for kidney, they could 

have an important immunological role in spleen, too, due to their capability to 

retain antigens for longer periods (Press and Evensen 1999). 

The surface layer of the gut, skin and gills (epithelium) has been shown to 

take up macromolecules by endocytosis and to transport them to 

macrophage populations (Press and Evensen 1999). Further, leukocytes and 

plasma cells are present in the epithelium, which serves as first barrier 

against pathogen attacks (Press and Evensen 1999). The mucosal immune 

response of teleost, including mucosal IgM, IgT/ Z and polymeric 

immunoglobulin receptor (pIgR), has been recently reviewed in detail by 

Rombout et al. (2014).  

 

 Innate immune response 1.5.2

The innate immune system can be divided into three compartments: the 

epithelial/ mucosal barrier, the humoral, and the cellular response 

(Magnadottir 2010). The humoral response is based on the complement 

system, which is well developed in teleost and comprises alternative, lectin 

and classical pathways (Magnadottir 2010). The cellular innate immune 

response is mainly based on phagocytic leukocytes, such as granulocytes 

and monocytes/ macrophages and non-specific cytotoxic cells, believed to be 

similar to mammalian natural killer cells (Fischer et al. 2006; Magnadottir 

2010). Further, it has been shown in rainbow trout, that B-cells can have 

phagocytic functions in teleost (Li et al. 2006). 

In cod, high natural IgM antibody titres are assumed to play an important 

role in the innate immune response by compensating the poor specific 

antibody response (Magnadottir et al. 2009).  

Macrophages are the main antigen presenting cells (APC) in fish, 

whereas some teleost have also been reported to feature dendritic cells, 

which are important antigen presenting cells in mammals (Magnadottir 2010). 
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The CD83 cell marker can be applied to identify mature dendritic cells (Ohta 

et al. 2004; Pettersen et al. 2008). 

 

 Adaptive immune response 1.5.3

Lymphocytes, i.e., B- and T-cells, are part of the adaptive immune system. 

Teleost B-cells, involved in the humoral response, are similar to mammalian 

B-cells which have not undergone somatic hypermutation, as they produce 

IgM type antibodies, after activation by a soluble antigen or in combination 

with a MHC molecule presented antigen on the surface of APC (Janeway et 

al. 2005).  

Teleost T-cells, involved in the cellular immune response, can be 

subdivided into distinct subpopulations, i.e., cytotoxic T-cells (Tcyt-cells) 

(CD3
+
/ CD8

+
) (Fischer et al. 2003; Moore et al. 2005; Fischer et al. 2006; 

Takizawa et al. 2011), T-helper-cells (Th-cells) (CD3
+
/ CD4

+
), which can be 

further divided in Th1, Th2 and Th17 cells (Kono et al. 2011; Zambrano-

Zaragoza et al. 2014), regulatory T-cells (Treg-cells) (CD3
+
/ CD4

+
), natural 

killer (NK)-cells and γδ-T-cells (CD3
+
), whereas NK-cells and γδ-T-cells are 

innate-like lymphocytes and therefore grouped to the innate immune system 

(Janeway et al. 2005; Magnadottir 2010; Rombout et al. 2014). The Th1-cell 

mediated response is triggered by intracellular bacterial pathogens and 

viruses, whereas the Th2-response acts against extracellular bacterial 

pathogens with subsequent activation of B-cells (Janeway et al. 2005). CD3 

is an important co-receptor of the T-cell receptor (TCR) (Figure 14), present 

on CD4+ and CD8+ T-cells. The signalling region of CD3 is composed of 

CD3γδ, CD3ξ, and CD3ε (Liu et al. 2008), whereas CD3ε is highly conserved 

among teleosts and shows homologies to mammalian CD3ε. A polyclonal 

antibody against salmon CD3ε (Koppang et al. 2010) as well as a monoclonal 

antibody against trout CD3ε (Boardman et al. 2012) have been constructed. 

Boardman hypothesised, based on his own and previous studies (Koppang et 

al. 2010; Takizawa et al. 2011), that CD4
+
 cells are the predominant T-cells in 

the spleen and head-kidney, whereas CD8
+
 cells are more common within 

mucosal tissue, such as gills, intestine and skin (Boardman et al. 2012). 
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Figure 14: T-cell receptor complex composed of the T-cell receptor α:β heterodimer 
and CD3 signaling chains (two ε, one δ, one γ) adapted from Janeway et al. (2005). 

 

In teleost there are, comparable to mammals, two subclasses of MHC 

molecules: MHC-I, which is present on nearly every cell type and presents 

viral intracellular antigens to CD8
+
 Tcyt-cells (Janeway et al. 2005), and MHC-

II which is found mainly on the surface of APC and is involved in the 

interaction of APC with B- and T-cells while presenting antigens of degraded 

pathogens (Magnadottir 2010). However, sequencing of the cod genome 

revealed recently that cod lack the MHC-II gene, which opens new questions 

for further research (Star et al. 2011).  

In the mammalian immune system five antibody classes are known and 

the class switch from IgM to IgG is the basic paradigm in development of an 

immunological memory (Janeway et al. 2005). In teleost, in contrast, three 

immunoglobulin classes have been reported so far: IgM, IgT, and IgD (Zhang 

et al. 2010). 

IgM in teleost is predominantly tetrameric, polymerised by disulfide bonds, 

similar to the pentameric form of IgM in mammals, but can also be detected 

monomeric, dimeric and trimeric (Kaattari et al. 1998). This variability in 

disulfide crosslinking leads to a higher flexibility of teleost IgM compared to 

mammalian IgM (Kaattari et al. 1998). It could be shown in trout that to the 

end of an antibody response, predominantly IgM molecules, featuring a 
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higher affinity, are produced. This underlines the hypothesis that structural 

flexibility could serve as an immunological memory and have a similar 

function as the class switch resulting in IgG molecules with higher affinity 

compared to IgM in mammals (Kaattari et al. 2002). It could be shown that 

Atlantic salmon and brown trout, Salmo trutta L., have two distinct 

subpopulations of polymeric IgM, in contrast to IgM of rainbow trout and 

Arctic charr (Hordvik et al. 2002). 

IgT was first described in zebra fish as IgZ (Danilova et al. 2005). It acts in 

its polymeric form mostly as mucosal antibody, which is comparable to 

mammalian IgA. IgT and IgA are phylogenetically distant, therefore it is 

assumed that the specialisation into mucosal response happened 

independently by convergent evolution (Zhang et al. 2010). An IgD-like 

antibody has been reported in channel catfish, Ictalurus punctatus L., and 

could recently be confirmed in rainbow trout (Wilson et al. 1997; Zhang et al. 

2010). 

 

 Cytokines 1.5.4

Cytokines are small signal peptides, with a size of ~25 kDa, which are 

recognized by specific receptors, building the basis of cell-cell communication 

during immune response (Janeway et al. 2005). 

In teleosts there is a wide range of cytokines known, which is reviewed in 

detail by Secombes (2008). Figure 15 gives a simplified overview of innate 

and adaptive immune cells and their interactions through cytokines. 
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Figure 15: Simplified overview of cells of the innate and adaptive immune system in 

teleost and their influence on each other by cytokines. 

 

Cytokines analysed in Arctic charr in the present study are described in 

more details below. 

 

1.5.4.1 Interleukin-1β (IL-1β) 

Monocytes/ Macrophages secrete IL-1β which acts generally pro-

inflammatory in mammals (Janeway et al. 2005). IL-1β influences migration 

of monocytes and maturation to macrophages, and activates APCs and IL-17 

secretion from Th17-cells (Janeway et al. 2005; Yang et al. 2008).  In rainbow 

trout, IL-1β has been found to be secreted by macrophages as well (Hong et 

al. 2004). Presence of the cytokine IL-1β in Atlantic salmon has been 

described and constitutive expression analysed in the smolting period 

(Ingerslev et al. 2006). Raida and Buchmann (2008) could show that in 

rainbow trout, comparable to mammals, CD4+ T-cells differentiate into IFN-γ 

secreting cells post IL-1β exposure.  
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1.5.4.2 Tumor necrosis factor-α (TNF-α) 

The TNF-α gene has been cloned in rainbow trout and the expression was 

studied in vitro and in vivo. It could be shown that trout TNF-α has similarities 

to both mammalian TNF-α and TNF-β. However, it contains a 

transmembrane domain, which does not exist in TNF-β, as it is the only 

secreted protein of the TNF-family in mammals. Further, trout TNF-α contains 

two conserved cysteine residues of TNF-α, which supports that TNF-α has 

been found in trout (Laing et al. 2001). TNF-α expression was up-regulated 

post stimulation with LPS or IL-1β and both stimulants together had a 

synergistic effect (Laing et al. 2001). In salmon TNF-α has been 

characterised and the expression studied (Ingerslev et al. 2006). In gilthead 

seabream, it could be shown that intra peritoneal (i.p.) injection of 

recombinant TNF-α mobilises leukocytes and acidophilic granulocytes 

(Garcia-Castillo et al. 2004). 

 

1.5.4.3 Interleukin-10 (IL-10) 

In mammals, IL-10 is mainly secreted by Th2-cells, but has also been 

reported to be secreted by several other immune cells, stimulating expression 

of MHC-II molecules and mast cell proliferation, as well as inhibiting Th1-cell 

response and cytokine release and is therefore also known as anti-

inflammatory cytokine (Janeway et al. 2005). Close homologs to IL-10 could 

be found in several virus genomes, highlighting the great importance of IL-10 

in regulating immune and inflammatory responses (Moore et al. 2001). The 

IL-10 gene of rainbow trout has been isolated and the expression analysed 

(Inoue et al. 2005). Early up-regulation of IL-10 shortly after LPS challenge of 

trout, led the authors to the hypothesis, that IL-10 may have a pro-

inflammatory function in teleost, despite its anti-inflammatory function in 

mammals (Inoue et al. 2005). However, results of a different study question 

this hypothesis (Raida and Buchmann 2008). A second IL-10 gene has 

recently been identified in rainbow trout and termed tIL-10b (Harun et al. 

2011). Different expression patterns of the two IL-10 paralogous led to the 

assumption, that expression of the two IL-10 genes is regulated by separate 

mechanisms (Harun et al. 2011). So far, no other salmonid IL-10 gene has 

been published. 
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1.5.4.4 Interleukin-4 (IL-4) 

In mammals, IL-4 and IL-13, closely related cytokines, are major cytokines 

produced by Th2 cells (Janeway et al. 2005). Stimulation of IgG1 and IgE B-

cell growths, induction of MHC-II expression and positive influence on 

proliferation and survival of T-cells have been reported to be the major 

functions of IL-4 (Janeway et al. 2005). IL-4/ 13 related genes could be 

identified in Atlantic salmon and rainbow trout and an expression analysis 

revealed that IL-4/ 13 is a Th2 related cytokine in teleost (Takizawa et al. 

2011). Further, genes of putative sub-units of the IL-4/ 13 receptor have been 

isolated in rainbow trout (Wang et al. 2011).  

 

1.5.4.5 Interferon-γ (IFN-γ) 

IFN-γ is mainly secreted by Th1 and CD8
+
 cytotoxic lymphocytes in mammals 

(Janeway et al. 2005). IFN-γ functions mainly as macrophage activator and 

increases MHC-I and –II expression, it inhibits Th2 cell growth and acts 

generally antiviral (Janeway et al. 2005). Interferons have been identified in 

several teleost, including IFN-γ in salmonids, reviewed in detail by Robertsen 

(2006).  

 

1.5.4.6 Chemokines 

Chemokines can be distinguished from other cytokines by their specific G-

protein coupled receptors. They can be divided in four subgroups: CC-

chemokines, CXC-chemokines, XC-chemokines and CX3C-chemokine 

(Laing and Secombes 2004).  

 

1.5.4.6.1 CC-chemokines 

CC-chemokines in mammals are diverse and have been reported to have 

pro-inflammatory and homeostatic function (Laing and Secombes 2004). CC-

chemokines have been reported in several teleost species (Laing and 

Secombes 2004; Peatman and Liu 2007), further research is, however, 

needed to get more insights into the specific function of those CC-

chemokines (Alejo and Tafalla 2011). 
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1.5.4.6.2 CXCL-8 chemokine (IL-8) 

CXCL-8 chemokine, formerly named IL-8, belongs to the group of CXC-

chemokines, which is divided in two subgroups, depending on the existence 

or lack of the motif ELRCXC. CXC-chemokines possessing the motif 

ELRCxC are known to be chemotactic on neutrophils and angiogenic 

(promote the growth of new blood vessels), whereas CXC-chemokines 

without ERL N-terminal of the CXC motif attract T-cells and B-cells and are 

generally angiostatic (inhibit the growth of blood vessels) (Strieter et al. 

1995). In mammals CXCL-8 belongs to the ERLCXC, neutrophil attracting 

group of chemokines (Janeway et al. 2005). Although, in rainbow trout CXCL-

8 the ELR motif is different in one amino acid residue, DLRCXC, which 

seems to be a conserved motif in salmonids (Laing et al. 2002; Harun et al. 

2008), it has been shown that CXCL-8 is chemo-attractant for neutrophils in 

trout (Zhang et al. 2002; Jimenez et al. 2006). In a broad expression study, 

CXCL-8 was found to have a central function in the inflammatory response of 

rainbow trout during Yersinia ruckeri infection (Raida and Buchmann 2008). 
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2 Aims of the Study 

Aeromonas salmonicida subsp. achromogenes is the causative agent of 

atypical furunculosis in Arctic charr farming and the disease is of economic 

significance for the industry. A closer insight into the molecular biology of A. 

salmonicida subsp. achromogenes virulence mechanisms, the host-pathogen 

interaction in Arctic charr and to further develop vaccination strategies are 

therefore of great importance. 

The general aims of this study were to increase knowledge on 

pathogenicity of Aeromonas salmonicida subsp. achromogenes in Arctic 

charr and to improve prophylaxis against atypical furunculosis of salmonids. 

A special focus was on increasing the knowledge of the molecular biology of 

the conserved toxic extracellular deuterolysin metalloendopeptidase, AsaP1, 

which is a major virulence factor of A. salmonicida subsp. achromogenes.  

 

Specific aims: 

 To construct a mutant of A. salmonicida subsp. achromogenes 

with an inactive LuxI/ R-like quorum sensing system and study the 

effect of the mutation in vitro and in vivo 

 

 To analyse innate and adaptive immune response of Arctic charr 

during infection with A. salmonicida subsp. achromogenes wild 

type (wt) and its isogenic AsaP1-deficient strain 

 

 To construct AsaP1 mutants by separate amino acid exchanges 

in the active site and analyse their enzymatic, toxic and  

immunogenic properties 

 

 To construct two A. salmonicida subsp. achromogenes AsaP1-

toxoid strains, analyse their properties in vitro and in vivo and 

investigate the capability of an AsaP1-toxoid mutant based 

bacterin to protect Arctic charr during A. salmonicida subsp. 

achromogenes infection 
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3 Materials and Methods 

3.1 Bacterial strains and culture conditions (Papers I-IV) 

All bacterial strains used in this study are listed in Table 3. Agar (1.5% w/v, 

Difco) was added to growth medium when appropriate. Bacterial 

concentrations were determined by counting colony forming units (CFU)/ ml 

(Papers I, II, III, IV) and by FACS (Cyflow space) analysis (Paper IV). All 

bacterial cultures were stored at -80°C in media containing 15% glycerol. 

A. salmonicida subsp. achromogenes strains were routinely grown on 5% 

horse blood agar (blood agar base, Oxoid) at 16°C. Liquid cultures were 

inoculated to an initial cell density of 10
3
-10

4
 CFU/ml in Brain heart infusion 

(BHI) broth (Oxoid, Fluka/ Sigma-Aldrich) and incubated with constant 

agitation (200 rpm) at 16°C. 

E. coli strains were routinely grown in Luria Bertani (LB) media 

supplemented with 0.5% NaCl (LB5) at 37°C, except when mating with A. 

salmonicida subsp. achromogenes, E. coli S17.1 was grown on BHI-agar at 

room temperature (RT). When recombinant expression of AsaP1-toxoids was 

performed the temperature was lowered from 37°C to 22°C after inoculation.  

Chromobacterium violaceum, strain CV026 (McClean et al. 1997), grown 

at 25°C in LB5 supplemented with 20 µg/ ml kanamycin, was used to detect 

AHLs in extracellular products isolated from liquid broth culture (B-ECP). 
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Table 3: Bacterial strains used in studies presented in papers I-IV. 

Bacterial strain Properties Source 

   

A. salmonicida subsp. achromogenes (Asa) 
 

Keldur265/87 Isolate from diseased Atlantic salmon (Salmo 

salar, L.)   

(Gudmundsdottir et al. 

1990)  

Keldur265/87-1 A-layer deficient Asa strain (Magnadottir et al. 1995) 

Keldur265/87-2 ΔasaP1::kan derived from 265-87 (Arnadottir et al. 2009)  

Keldur265/87-3 ΔasaI::kan derived from 265-87 Paper I 

Keldur265/87-4 ΔasaP1::asaP1E294A derived from 265-87 Paper IV 

Keldur265/87-5 ΔasaP1::asaP1E294A back mutant derived from 

265-87-4  

Paper IV 

Keldur265/87-6 ΔasaP1::asaP1Y309F derived from 265-87 Paper IV 

Keldur265/87-7 ΔasaP1::asaP1Y309F back mutant derived from 

265-87-6  

Paper IV 

   

E. coli   

DH5αpir supE44DlacU169 (Ф80lacZΔM15) hsdR17 recA1 

endA1 gyrA96 thi-1 relA1 pir 

(Dunn et al. 2005) 

Pri3715  OverExpress C43(DE3): F-ompT, hsdSB(rB-,mB-

), gal, dcm (DE3) 

Matís, ohf 

S17.1 thi pro hsdR hsdM
+
 recA RP4-2-Tc::Mu-Km:Tn7 (Simon et al. 1983)  

TOP10 F-mcrA ∆(mrr-hsdRMS-mcrBC) Φ80lacZ∆M15 

∆lacX74 recA1 araD139 ∆(ara-leu)7697 galU galK 

rpsL (Str
R
) endA1 nupG 

Invitrogen
TM

 

BL21 C43 [OverExpress C43 (DE3): F
-
ompT, hsdSB (rB

-
, 

mB
-
), gal, dcm (DE3)] 

(Dumon-Seignovert et al. 

2004)  

   

C. violaceum 
 

CV026 AHL-Monitor-bacteria, AHL receptor CviR (McClean et al. 1997) 
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 Isolation of ECP (Papers I, III, and IV) 3.1.1

Extracellular product (ECP) were isolated by sterile filtration (Whatman, 0.45 

µm) of supernatants following centrifugation (10,000 x g for 15 min at 4°C) of 

either liquid broth cultures (B-ECP) or bacteria washed of cellophane 

(Topiplast) covered BHI-agar plates (C-ECP) incubated for 72 h, as 

previously described (Gudmundsdottir et al. 2003). 

 

 Recombinant expression and protein purification (Papers 3.1.2
III and IV) 

AsaP1 and its toxoid mutants were produced by recombinant expression in 

E. coli BL21 C43, using the expression system pJOE3075 (Wegerer et al. 

2008). Expression was induced by 1 mM L-rhamnose at a bacterial 

concentration of OD600nm = 0.5 at 37°C. Temperature was reduced to 22°C 

after inoculation. Cells were grown overnight and harvested by centrifugation 

(1800 x g for 15 min at 4°C). The cell pellet was re-suspended in 20 mM Tris-

HCl pH 7.6 containing 300 mM NaCl and cells were disrupted by sonication 

(1 min, 50% pulse and 50% intensity). Recombinant proteins were purified 

with Ni
2+

-immobilised metal affinity (PorosMC) chromatography as described 

in detail in Paper II. 

 

 

3.2 Analyses of bacterial products 

 Determination of protein concentration 3.2.1

Protein concentration was analysed spectrophotometrically (A590nm) using the 

Coomassie Plus – The Better Bradford
TM

 Assay (Pierce). A BSA dilution 

series served as standard. 

 

 Caseinolytic activity (Papers I, III, and IV) 3.2.2

Caseinolytic activity of AsaP1 and its toxoid mutants was analysed in 

triplicates by a spectrophotometrical method at 450 nm as previously 

described (Gudmundsdottir et al. 2003). The AsaP1-deficient strain, 

Keldur265-87-2, (Arnadottir et al. 2009) as well as PBS served as controls. 
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 Screening for AsaP1 expression, localisation and protein 3.2.3
size (Paper III) 

Recombinant expression of proteins was induced and kept on for 3 h at 

22°C. Further, cells and culture supernatant were isolated and cells were 

stepwise lysed as described in detail in Paper III in order to localize the 

recombinant proteins. Finally protein contents of all samples were analysed 

by 12% SDS-PAGE (Laemmli 1970) stained with Coomassie Brilliant Blue 

R250.  

 

 Stability of recombinant AsaP1 and its mutants (Paper III) 3.2.4

The recombinant proteins, AsaP1E294Q, AsaP1E294A, and AsaP1wt, were 

purified by affinity chromatography, concentration adjusted to 1 mg/ ml and 

stability analysed at 4°C and 20°C, respectively. Further, mixtures of the 

recombinant AsaP1wt with AsaP1E294Q and AsaP1E294A-toxoid, respectively, 

with and without protease inhibitor ethylenediaminetetraacetic acid (EDTA) 

were analysed. 

Protein degradation was analysed at several time points up to 19 d by 

Coomassie Brilliant Blue stained SDS-PAGE and Western blot, respectively. 

 

 Pigment production (Paper I) 3.2.5

Pigment concentration in B-ECP was monitored spectrophotometrically at 

405 nm as previously described (Kastbjerg et al. 2007). Samples were 

analysed in triplicates and BHI served as a blank.  

 

 AHL activity assay (Paper I) 3.2.6

A well-diffusion assay (Ravn et al. 2001) was used to detect the presence of 

N-Acyl-L-homoserine lactone (AHL) quorum sensing autoinducers in bacterial 

ECPs.  

An outgrown culture of the AHL-monitor strain C. violaceum (CV026) was 

casted in LB5-agar. Wells (4 mm) were cut in the agar plates and filled with 

50 µl ECP obtained from the respective culture. The CviR receptor of C. 

violaceum recognises C6-HSL as the cognate signal and is very sensitive to 

short- and medium-chain length AHLs (Cha et al. 1998). 

The plates were incubated for 48 h at 25°C and the diameter of pigment 

production measured. The B-ECP of A. salmonicida subsp. achromogenes wt 
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strain, Keldur265-87, served as a positive control and the BHI media as a 

negative control.  

 

 Characterisation of AHL molecules (Paper I) 3.2.7

AHL molecules secreted by A. salmonicida subsp. achromogenes strains, 

which were isolated from infected fish, were analysed by high performance 

liquid chromatography - high resolution mass spectrometry (HPLC-HR-MS), 

as previously described (Bruhn et al. 2005). 

 

 Analysis of cytotoxic effect (Paper I) 3.2.8

Confluent cell culture monolayers of Epithelioma papulosum cyprini (EPC) 

(passage 251) were prepared as previously described (Bjornsdottir et al. 

2009), cultured for 2 days in 96 wells flat bottom microtiter plates and washed 

twice with serum free medium before incubation with C-ECP (1:20, v/v in 

medium) at 16°C for 48 h. Cytotoxic effects were determined microscopically 

and by percent mortality using a cytotoxicity detection kit (LDH, Roche) which 

is based on the release of lactate dehydrogenase (LDH) by disrupted EPC 

cells. The assay was performed according to the manusfacturer’s instructions 

in triplicates. 

 

 Quorum sensing inhibitors - influence on growth and 3.2.9
AsaP1 production (Paper I) 

ProS-AHL, PenS-AHL, and HepS-AHL dissolved in dimethylsulfoxide 

(DMSO) were used as quorum sensing inhibitors (Persson et al. 2005). 

Growth cultures of A. salmonicida subsp. achromogenes wt strain, started at 

1.5 x 10
3
 CFU/ ml, were grown with and without addition 10mM of the 

quorum sensing inhibitors. Addition of 0.1% DMSO and the simultaneously 

grown isogenic AsaP1-deficient strain served as control. Several time points 

were sampled to estimate cell density and caseinolytic activity.  
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3.3 Immunological assays 

 Antibody activity detected by ELISA (Paper III) 3.3.1

Specific antibody activity and antibody endpoint titre was estimated by a 

double sandwich enzyme linked immune sorbent assay (ELISA). The 

protocol was optimized from a previously described method (Magnadottir and 

Gudmundsdottir 1992). Flat bottom 96-well immune plates (MaxiSorp, 

NUNC) were coated with freshly prepared C-ECP from A. salmonicida subsp. 

achromogenes, strain Keldur265-87, in coating buffer (Sigma) (20µg/ ml). 

Sera samples were diluted 1:50 and analysed for specific antibody activity. 

Antibody endpoint titre was estimated in a dilution series from 1:50 up to 

1:12,400. Bound serum antibodies were detected by polyclonal mouse α-

salmon IgM antibodies 1:1000, which were further detected by conjugated 

goat α-mouse antibody 1:1000 (Sigma) labelled with alkaline phosphatase. 

The absorbance (A405nm) in the wells of ELISA plates was read after colour 

development with p-nitrophenyl phosphate (Sigma), which was stopped using 

3 M NaOH. The cut-off value for the antibody endpoint titre calculation was 

set as twice the average of the absorbance (A405nm = 0.16) in control wells 

containing PBS instead of antigen. All results obtained by ELISA were 

confirmed by Western blots. 

 

 Western Blot (Papers I, III, and IV) 3.3.2

Western blot, as previously described (Gudmundsdottir et al. 2003) with 

some modifications, was applied to either detect AsaP1 in ECP of bacterial 

cultures (Papers I-III) or to analyse the specific antibody activity in sera 

against AsaP1. Further, differences in A-layer and LPS production of the A. 

salmonicida subsp. achromogenes ΔasaI quorum sensing deficient mutant 

were analysed by Western blot.  

AsaP1 in bacterial culture samples was detected by polyclonal mouse α-

AsaP1 antibodies (Arnadottir et al. 2009) diluted 1:1000  (Papers I and II) or 

polyclonal rabbit antibodies (1:200) against an antigenic peptide 

(CDNHEYFAENTPSEN) starting at position 330 of AsaP1, produced by 

GeneScript (Papers II and III). Bound antibodies were detected by alkaline 

phosphatase conjugated sheep α-rabbit antibodies (1:1000) (BioRad).  

Specific antibody activity in sera against AsaP1 was analysed using 

freshly prepared C-ECP of A. salmonicida subsp. achromogenes, strain 

Keldur265-87, as antigen. Membranes with the blotted antigen were cut into 
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strips and each strip incubated in a serum sample. Further, bound antibodies 

were detected by polyclonal mouse α-salmon IgM antibodies (1:1000) 

(Magnadottir and Gudmundsdottir 1992) and alkaline phosphatase 

conjugated goat α-mouse antibodies (1:1000) (Sigma). 

A-layer was probed by polyclonal rabbit α-A-layer antibodies (1:1000) 

(Magnadottir et al. 1995). LPS was detected by monoclonal mouse 

antibodies against the o-polysaccharide component of LPS (1:1000) (Hädge 

et al. 1997). Bound antibodies were visualized by either goat α-rabbit 

antibodies 1:3000 (Sigma) or goat α-mouse antibodies 1:1000 (Sigma) both 

labelled with alkaline phosphatase. 

Colour was developed in 0.1 M ethanolamine/ HCl buffer (1 mg/ ml p-

nitrobluetetrazolium (NBT), 0.1 M MgCl2 and 4 mg/ ml 5-bromo-4-chloro-3-

indolyl phosphate (BCIP) in methanol: acetone (2: 1); pH 9.6) until clear 

bands were visible and reaction stopped by rinsing the membrane with 

deionised distilled water (dH2O). 

 

 Histopathological analysis (Paper II) 3.3.3

Spleen, head-kidney, and liver of Arctic charr (N = 3, 3 d and 7 d post 

infection) infected with A. salmonicida subsp. achromogenes wt, strain 

Keldur265-87, and its isogenic AsaP1-deficient mutant, respectively, were 

sampled for histological examination. Organs were fixed in 10% neutral-

buffered formalin, embedded in paraffin wax, and thereof 4 µm sections 

prepared. Giemsa and HE stained sections were analysed using a 

conventional light microscope Axioskop 2 (Zeiss). 

 

 Immunohistofluorescence analysis (Paper II) 3.3.4

For immunohistofluorescence analysis formalin fixed, paraffin embedded 

organ samples (spleen, head-kidney, and liver) of Arctic charr (N = 3, 3 d and 

7 d post injection (p.i.)) infected with A. salmonicida subsp. achromogenes 

wt, strain Keldur265-87, and its isogenic AsaP1-deficient mutant, 

respectively, were cut at 2 µm and mounted on positively charged glass 

slides (Superfrost
®
plus, ThermoFisher).  

Sections were dried before de-waxing for at least 24 h, rehydration, and 

unmasking of epitopes by autoclaving at 120°C in 0.01 M citrate buffer, pH 

6.0 for 15 min. Further, sections were blocked at RT with 5% BSA in PBS for 
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20 min. Minimum essential medium EAGLE: Hepes modification + 10% fetal 

bovine serum was used for all washing steps, for additional blocking.  

Sections were either stained with a rabbit anti-salmon CD3ε serum 

(Koppang et al. 2010) for 1 h at a dilution of 1:100, and therefore a rabbit pre-

immune serum was applied as negative control, or with a monoclonal mouse 

anti-rainbow trout IgM antibody (7C7, 1:100, 1h; a kind gift from Ulrich 

Wagner, Attomol GmbH, Molecular Diagnostics). Bound antibody was 

detected by incubation for 40 min at RT in 1:400 in medium diluted 

AlexaFluor488 conjugated antibodies: either goat anti-rabbit IgG 

(Invitrogen
TM

) or F(ab'')2 fragments of goat anti-mouse IgG (H+L). Sections 

were mounted with propidium iodide (PI, Sigma-Aldrich) and DABCO (Sigma-

Aldrich) containing medium for a cell nucleus counter stain and as an anti-

fade reagent, respectively. Axio ImagerM2 fluorescence microscope (Zeiss) 

and Axio Vision Rel 4.8 software was used for microscopic analysis. 

 

 

3.4 DNA and RNA methods 

 Genetic modification of A. salmonicida subsp. 3.4.1
achromogenes (Papers I, III, IV) 

A. salmonicida subsp. achromogenes mutant strains were generated by 

allelic knock-out (ΔasaI::kan) and allelic exchange (ΔasaP1::asaP1E294A and 

ΔasaP1::asaP1Y309F), respectively. In both mutant constructions a suicide 

vector was designed in E. coli containing the allelic fragment with flanking 

sites, which are needed for the insertion into the A. salmonicida subsp. 

achromogenes genome. Although, two different suicide vectors were applied 

(pSUP202sac and pDM4), both follow the same principle. The vectors 

contain the sacB gene, which expression is lethal for Gram negative bacteria 

and can be induced by sucrose (Gay et al. 1983; Milton et al. 1996). All 

plasmids used for mutant construction are listed in Table 4. 
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Table 4: Plasmids used for mutant constructions  (Papers I, III, IV). 

 

Plasmid Properties Source 

pCR
®
II-TOPO

®
 Cloning  vector for TOPO TA cloning

®
, Amp

r
 Invitrogen

TM
 

pCR
®
II-

TOPO
®
_asaI3’flanking 

Amp
r
,  pCR

®
II-TOPO

® 
containing the asaI 

3’-flanking region 
Paper I 

pCR
®
II-

TOPO
®
_asaI5’flanking 

Amp
r
, pCR

®
II-TOPO

® 
containing the asaI 

5’-flanking region 
Paper I 

pCR
®
II-TOPO

®
_kan 

Amp
r
, pCR

®
II-TOPO

® 
containing the kan-gene 

region 
Paper I 

pCR
®
II-TOPO

®
_asaI::kan 

Amp
r
,  pCR

®
II-TOPO

® 
containing the knock-out 

allele asaI::kan 
Paper I 

pSUP202sac 
Mobilizable suicide vector, SucS 

(Mob+sacRB+Tet
r
) 

(Vipond et 

al. 1998) 

pSUP202sac_asaI::kan pSUP202sac containing asaI::kan construct Paper I 

pSSVI186-IN Kan
r
 determinant from Tn903 (Viret 1993) 

pJOE3075 Expression vector, rhamnose inducible, Amp
r
 

(Wegerer et 

al. 2008) 

pJOE_asaP1wt 
Amp

r
, rhaBAD, vector for cloning and expression 

containing the allele of AsaP1wt 
Paper III 

pJOE_asaP1::E294A Amp
r
, rhaBAD, vector for cloning and expression 

containing the allele of AsaP1E294A toxoid 

Papers III 

and IV 

pJOE_asaP1:: Y309F Amp
r
, rhaBAD, vector for cloning and expression 

containing the allele of AsaP1Y309F toxoid 

Papers III 

and IV 

pJOE_asaP1::E294Q Amp
r
, rhaBAD, vector for cloning and expression 

containing the allele of AsaP1E294Q toxoid 
Paper III 

pJOE_asaP1:: Y309A 
Amp

r
, rhaBAD, vector for cloning and expression 

containing the allele of AsaP1Y309A toxoid 
Paper III 

pDM4 
Cam

r
; suicide vector with an R6K origin (pir 

requiring) and sacBR of Bacillus subtilis 

(Milton et al. 

1996) 

pDM4_asaP1::E294A Cam
r
; pDM4 containing the mutant allele of 

AsaP1E294A toxoid 
Paper IV 

pDM4_asaP1::Y309F Cam
r
; pDM4 containing the mutant allele of 

AsaP1Y309F toxoid 
Paper IV 

pDM4_asaP1wt Cam
r
; pDM4 containing the wt allele of AsaP1 Paper IV 
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3.4.1.1 Knock-out of the asaI gene in A. salmonicida subsp. 
achromogenes (Paper I) 

Primers used for the construction of the asaI knock-out mutant and 

sequencing are listed in Table 5. The asaI gene region of A. salmonicida 

subsp. achromogenes, encoding for AsaI (GenBank U65741), the 

autoinducer synthase of the bacterial quorum sensing system, was amplified 

by PstI-f1 and PstI-r1 primers and further cloned into pCR
®
II-TOPO

®
.  

Primers asaI-wt-f/ asaI-wt-r and PstI-f1/ PstI-r1 were used for initial 

sequencing of the isolated asaI genomic region and asaI gene published 

(Genbank GU811648.2).  

Mutant construction was realized by splicing by overlapping extensions 

(soe) PCR (Ho et al. 1989) followed by allelic exchange. Therefore the two 

asaI flanking sites were amplified with the respective primer pairs PstI-f2/ 5-

soe-r and 3-soe-f/PstI-r2, with a 20 bp overhang of the soe-primers, 

complementary to the kanamycin (kan)-gene 3’ and 5’-end (Figure 16). 

The kan-gene of plasmid pSSVI186-IN was amplified with the primers 

soe-kan-f and soe-kan-r, which have a 20 bp complementary region to the 

asaI flanking sites. The three resulting DNA fragments served as template for 

the soe-PCR, using PstI-f2/ PstI-r2 primers, resulting in an asaI::kan 

construct (Figure 16). 

 

Figure 16: A schematic figure showing a soe-PCR reaction resulting in the mutant 
allele asaI::kan 

 

For screening of mutant colonies kan-f and kan-r primers were applied 

resulting in a 471 bp amplification product in presence of a kan-cassette. 

Further, wt and mutant colonies were compared, using the size difference of 

195 bp between asaI (624 bp) and kan-gene (819 bp) (Appendix I and II). 

The correct construct was confirmed by sequencing and cloned into the 

suicide vector pSUP202sac. Further, pSUP202sac_asaI::kan was 

transformed into E. coli S17.1 and conjugated into A. salmonicida subsp. 
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achromogenes, strain Keldur265-87, by mating (Simon et al. 1983). A cell 

pellet of a 9:1 ratio Keldur265-87:E. coli S17.1 was spotted on BHI agar and 

incubated at RT for 24 h. Transconjugants were screened on cephalothin and 

kanamycin (50 µg/ ml) selective BHI agar and subsequently double crossover 

were forced by addition of sucrose (15%, w/v) to the selective media and 

incubation at 16°C for 7 d. Sucrose and kanamycin were added to screen for 

the successful event of a asaI exchange with asaI::kan. The A. salmonicida 

subsp. achromogenes ΔasaI (Keldur265-87-3) mutant was confirmed by 

sequencing. 

 

Table 5: Primers used for construction of the asaI knock-out mutant, Keldur265-87-3, 

by soe-PCR and allelic exchange (Paper I). 

 

Primer 

 

Sequence 

 

Application 

PstI-f1 5’-AAAACTGCAGCCAGCAGCAGATCGCTTGAC-3’ Isolation of asaI 

gene region with 

flanking sites of 

Keldur265-87 

genome 

PstI-r1

  

5’-AAACTGCAGGGTTCGTCGGGCGCGATCTC-3’ 

   

PstI-f2 5’-AAAACTGCAGGGCGGTGATGAACGACAGTATG-3’ Amplification of 

flanking sites (5’ 

and 3’) as 

template for soe-

PCR 

5-soe-r 5’- CCGTTGAATATGGCTCATTCAGATGTCTCCATTTCAGTGTT 

CG-3’ 

PstI-r2 5’- AAAACTGCAGAGTGGGCCAGCAGCTTTG-3’ 

3-soe-f 5’-ATGAGTTTTTCTAATCAGACGCCACATAAAAAAATCCCG-3’ 

   

soe-kan-f 5’-CTGAAAATGGAGACATCTGAATGAGCCATATTCAACGGGAA 

ACG-3’ 

Amplification of 

the kan-gene as 

template for 

soe-PCR 
soe-kan-r 5’-GGATTTTTTTATGTGGCGTCTGATTAGAAAAACTCATCGAGC 

ATCAA-3’ 

   

kan-f 5’-GGTCAGACTAAACTGGCTGACGG-3’ Screening 

kan-r 5’-GTATCGGTCTGCGATTCCGAC-3’ 

   

asaI-wt-f 5’-GGTCTTGGTTCATATGCTAGCC-3’ Sequencing 

asaI-wt-r 5’- GGTGGAAACGGGCCATAGC-3’ 
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3.4.1.2 Construction of four AsaP1-toxoids (Paper III) 

The asaP1 gene (1032 bp), encoding the AsaP1 pre-pro-protein, was 

amplified from the plasmid pTriplEx_asaP1 with asaP1-nde-f and asaP1-bgl-

h-r primers and cloned into pJOE3075 by double digest and ligation.  

The pJOE_asaP1 plasmid was used as a template for mutant 

construction. Based on results with other metalloproteases, two amino acid 

residues were exchanged in order to delete caseinolytic activity, but retain 

the three dimensional structure and therefore epitopes important for the 

immunogenicity of AsaP1, Glu294 conserved in the zinc-binding motif HExxH 

and Tyr309 within the conserved motif GTxDxxYG of aspzincins. 

Amino acid residue exchange was realised by inducing point mutations 

through One-step site-directed mutagenesis in a single PCR using primers, 

which include the desired mutation and the whole plasmid as template (5 μl 

10 x HF-buffer; 200 ng template; 1 μl f-primer [100 pmol]; 1 μl r-primer 

[100 pmol]; 200 μM dNTP’s; 2 U Pfx (Invitrogen) ad 50 μl) (94°C 3’; (94°C 1’; 

52°C 1’; 68°C 10’) x 15; 68°C 1 h), adapted from a previously described 

method (Zheng et al. 2004).  

Additionally, a KpnI restriction site was induced by a silent mutation along 

with the point mutant, for later screening of the mutants. The mutagenesis 

resulted in four different toxoid mutant genes: asaP1E294A, asaP1E294Q, 

asaP1Y309A, and asaP1Y309F, which were confirmed by sequencing. 

All primers used for mutant construction of AsaP1E294Q, AsaP1E294A, 

AsaP1Y309F, and AsaP1Y309A are shown in Table 6.  
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Table 6: Primers used for cloning of the asaP1-gene and construction of the AsaP1-

toxoid mutants by site-directed mutagenesis (Paper III). 

 

3.4.1.3 A. salmonicida subsp. achromogenes AsaP1toxoid 
mutants (Paper IV) 

Two of the AsaP1-toxoids, AsaP1E294A and AsaP1Y309F were chosen for 

construction of two A. salmonicida subsp. achromogenes AsaP1-toxoid 

mutant strains (Keldur265-87-4 and Keldur265-87-6) by allelic exchange. All 

primers used for isolation of the asaP1 gene region, mutant construction, and 

sequencing are listed in Table 7.  

 

 

 

 

 

 

 

Primer Sequence Application 

asaP1-nde-f 5’-CGAATTCCATATGATGAAAGTGACTCCAATAG-3’ Cloning of asaP1 
in pJOE3075 asaP1-bgl-h-r 5’-CGGAGATCTGTTTTCGCTCGGGGTATTC-3’ 

   

asaP1-gln-fGlu294 
5’-CCGTGCCCGTACCATAGTCCATCAGCTGAGTCA 
CTTCAACG-3’ 

Construction of 
AsaP1 mutants by 
site-directed 
mutagenesis asaP1-gln-rGlu294 

5’-GCTGATGGACTATGGTACCGGCACGGGAATCGC 
TCC-3’ 

asaP1-ala1-fGlu294 
5’-CCGTGCCGGTACCATAGTCCATGCGCTGAGTCA 
CTTCAACG-3’ 

asaP1-ala1-rGlu294 
5’-GCGCATGGACTATGGTACCGGCACGGGAATCGC 
TCC-3’ 

asaP1-phe-fTyr309 
5’-GCAGGTACCGACGATCTGGGTTTCGGTCAGGCC 
AATGCCCGC-3’ 

asaP1-phe-rTyr309 
5’-CCGAAACCCAGATCGTCGGTACCTGCCACCACG 
TTGAAGTG-3’ 

asaP1-ala2-fTyr309 
5’-GTGGCAGGTACCGACGATCTGGGTCAGGCCAAT 
G-3’ 

asaP1-ala2-rTyr309 
5’-CCGGCACCAGATCGTCGGTACCTGCCACCACGT 
TGAAG-3’ 
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Table 7: Primers applied for construction of A. salmonicida subsp. achromogenes 

AsaP1-toxoid mutants and sequence confirmation (Paper IV). 

 

Toxoid encoding genes were cloned into the suicide vector pDM4 using 

SacI and SpeI restriction sites (Milton et al. 1996). Resulting plasmids, 

pDM4_asaP1::E294A and pDM4_asaP1::Y309F, were transformed into E. 

coli DH5αpir (Dunn et al. 2005), due to better transformation rate, further 

isolated and transformed into E. coli S17.1 (Simon et al. 1983), which is able 

to conjugate to A. salmonicida subsp. achromogenes. Both strains contain 

the pir gene, which is essential to replicate the suicide vector pDM4 (Milton et 

al. 1992). A. salmonicida subsp. achromogenes wt, strain Keldur265-87, and 

E. coli S17.1 were mated in a ratio of 10:1 in a cell pile on BHI agar at RT for 

18 h.  

Single cross-over events were selected by 50 µg/ ml Amp and 25 µg/ ml 

Cam BHI plates and double crossover events with 5% sucrose and 50 µg/ml 

Amp BHI agar. Colonies were patched on 1% skimmed milk and 25 µg/ ml 

Cam BHI plates. Caseinase negative and Cam sensitive clones were 

considered as double crossover mutants. Single colonies were isolated and 

confirmed by PCR and sequencing.  

Primer Sequence Application 

 

asaP1-reg-f 5‘-CGAGGTGAACGCCAAGCTG-3‘ Isolation of asaP1 region 

asaP1-reg-r 5‘-GGAACAGGCAAGCAGACCC-3‘ Isolation of asaP1 region 

   

asaP1-SpeI-f 
5‘-ACTAGTGGCGAGCACATAGTGCAGGGTG 

AGC-3‘ Cloning 

asaP1-SacI-r 5‘-GAGCTCCTATCTGGCAGTCGCGGCCC-3‘ Cloning 

   

asaP1-primer 1-r 5‘-GTTGCCCTGGCTCAGCAGC-3‘ Sequencing 

asaP1-primer 2-f 5‘-CTGCTCTAGGGTGAGTGGGC-3‘ Sequencing 

asaP1-primer 3-f 5‘-CGGGTCTCTATGACATGAGTGC-3‘ Sequencing 

asaP1-primer 4-f 5‘-CAAGCCGCTCACCTTTGAC-3‘ Sequencing 

asaP1-primer 5-f 5‘-CTGTCGGTCAAGGCACACAG-3‘ Sequencing 

asaP1-primer 6-f 5‘-GCCATCAGTTTCACCCGGTT-3‘ Sequencing 
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The respective back mutants were constructed according to the same 

protocol. The asaP1 wt allele was cloned into pDM4_asaP1wt and 

conjugated to the A. salmonicida subsp. achromogenes AsaP1-toxoid 

mutants. Clones were screened for caseinase positive and Cam sensitive 

phenotypes and further confirmed by PCR and sequencing. 

 

 DNA sequencing and sequence analysis (Papers I-IV) 3.4.2

DNA sequencing for Paper I was performed at Matis ohf., using an ABI 3730 

genetic analyser (Applied Biosystems). Sequences were edited and aligned, 

using Sequencher 4.8 (Gene Codes Corporation). Otherwise sequencing was 

performed by GATCBiotech and sequences aligned and analysed by 

VectorNTI (Papers II-IV). 

 

 Reverse transcription quantitative real-time PCR (RT-3.4.3
qPCR) (Paper II) 

3.4.3.1 Selection of genes and primer design 

All primers and probes applied for RT-qPCR are listed in Table 8. Either 

primers were used, which amplify the corresponding rainbow trout genes, or 

newly designed using Primer3 software (Rozen and Skaletsky 2000) based 

on homolog teleost gene sequences. Microarray analysis and RT-qPCR pre-

experiments based on gene expression in the head-kidney of Arctic charr 

infected by A. salmonicida subsp. achromogenes wt, strain Keldur265-87, 

and its isogenic AsaP1-deficient mutant, Keldur265-87-2, respectively, 

identified CC-chemokine as interesting target (Gudmundsdottir, B.K.; 

Williams, J.; Rise, M.L.; Bragason, B.T.
 
and Brown, L., unpublished). All 

primer efficiencies were optimised. 

Furthermore, the 60S rRNA L36 gene of Arctic charr was found to be the 

most stable normalising gene in the pre-experiment and therefore used in the 

present study to normalise CT values. (Gudmundsdottir, B.K.; Williams, J.; 

Rise, M.L.; Bragason, B.T.
 
and Brown, L., unpublished). 

 

 

 

 



  

54 

 

Table 8: Applied Primer-Probe pairs in RT-qPCR , efficiency of amplification, product 

size and source of primers and sequences. 

a
 Rainbow trout (Oncorhynchus mykiss, Walbaum); 

b
 Atlantic salmon (Salmo salar, L.) 

 

Gene 
GenBank 
accession no. 

Efficiency 
(%) 

F-primer R-primer 
Probe   (FAM-
TAMRA) 

 (bp) 
Product 

Source 

 
Cytokines 

       

        

TNF-α
a
 AJ278085 and 

AJ277604 
104.4 CCAGGCT

TC5(GT)TT
TAGGGTC
AAGT 

CGATTG
GTCTCA
GTCCAC
AGTT 

CGGGCGAG
CR(AG)TAC
CACTCCTCT
GAG 

246 This study 

IL-1β
a
 

 

NM001124347.1 112.6 ACATTGC
CAACCTC
ATCATCG 

TTGAGC
AGGTCC
TTGTCC
TTG 

CATGGAGA
GGTTAAAG
GGTGGC 

91 This study 

IFN-γ
a
 FJ184374.1 113.0 CTGTTCA

ACGGAAA
CCCTGTT 

GTCCAG
AACCAC
ACTCAT
C 

CACGTTTGA
GGACAGTG
AGCAGAGG 

81 (Takizawa 
et al. 2011)  

        

IL-10
a
 NM001245099.1 

 

99.0 CGACTTT
AAATCTC
CCATCGA
C 

GCATTG
GACGAT
CTCTTT
CTTC 

CATCGGAA
ACATCTTCC
ACGAGCT 

70 This study 

IL-4/ 13A
a
 AB574337.1 97.6 GTCAGAG

GAACTTC
TGGAAAC
A 

GTTGTA
AACCCT
CAGATG
TCG 

CCACAAAG
TGCAAGGA
GTTCTTCTG
CGA 

166 (Takizawa 
et al. 2011) 

        

CXCL-8     

(IL-8)
a
 

AJ279069 

 

108.2 AGAATGT
CAGCCAG
CCTTGT 

TCTCAG
ACTCAT
CCCCTC
AGT 

TTGTGCTCC
TGGCCCTC
CTGA 

69 (Raida and 
Buchmann 
2008)  

CC-chemokine
b
 CB503743 103.0 GTCAGTG

GAGGATG
TCGGAT 

GCGATT
TCCTCT
TCAGTT
GC 

TGCCACTG
TGTTTGTCA
CAA 

127 This study 

 

Cell markers 

       

        

CD8α
a
 AF178053-8055 104.6 CATCCTG

TGAGTTG
ATTGTTTG
GG 

GTGTCT
GTTGAG
GGTTAG
AAAAGT
C 

ACTGCTGG
CTGTGGCT
TCCTCTTCC 

 

202 (Takizawa 
et al. 2011)  

CD83
a
 AY263796.1 106.0 TAACGGC

TGTTGAT
AGCGG(A
G)AG 

TTCTTC
TGATT(G
T)GTCT
GTGGAC
T 

ACAAGTGT
CTCCTGGC
AGCACCTG
TAGG 

125 This study 

 
Normalizer 

       

        

60S ribosomal 
RNA L36

a 
 

CB497661 106.3 CGCTTAA
TCCTTCTT
GGCAG 

GACATG
ATCCGT
GAGGTG
TG 

CGGATGTG
AGTTCCAAT
CCT 

222 This study 
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3.4.3.2 RNA isolation 

Organ pieces (10-15 mg) of spleen, head-kidney, and liver were 

homogenized in lysis buffer (Macherey-Nagel) using TissueLyserII. RNA was 

robot-extracted after centrifugation at 21.000 x g for 5 min from the 

supernatant by Freedom EVO
®
 (Tecan), using the NucleoSpin

®
 96 RNA 

Tissue kit (Macherey-Nagel), according to the manufacturer‘s protocol. The 

volume of elution buffer was set proportional to the starting weight of organ. 

Quality of extracted RNA was analysed by NanoDrop (ThermoScientific) 

measurements. 

 

3.4.3.3 Gene expression studies by RT-qPCR 

QuantiTect Probe RT-PCR Kit and a Mx3005P
TM 

QPCR System (Stratagene, 

Agilent Technologies) was used to analyse the mRNA expression of 

interleukin (IL)-1β, TNF-α, IFN-γ, IL-4/ 13A, IL-10, CC-chemokine, CXCL-8, 

CD83, and CD8α of total RNA as a template. 

Reverse transcription was performed at 50°C for 30 min and stopped by 

heat inactivation of the corresponding enzyme for 15 min at 95°C. This step, 

where the hot start Taq polymerase was simultaneously activated, was 

followed by 42 cycles (15 sec 94°C, 30 sec 57°C, 30 sec 76°C). 

Received CT values were analysed by MXPro4 software (Stratagene). RNA 

isolated from the thymus of PBS injected Arctic charr served as a positive 

control in RT-qPCR. 

All RT-qPCR products were electrophoresed in 2% agarose gels using 

FastRuler
TM

 Middle Range DNA-Ladder (Thermo Scientific) for size 

comparison. Further, products were confirmed by sequencing (GATC 

Biotech). 

 

3.4.3.4 Calculations for RT-qPCR analysis 

RT-qPCR data was analysed by the 2
-ΔΔC

T method (Livak and Schmittgen 

2001).To gain a ΔCT value, CT values of each fish were normalized to the 

corresponding CT values of the housekeeping gene (60S rRNA L36). 

Furthermore, for each individual 2
-ΔΔC

T values were calculated, which are the 

fold expression compared to untreated fish at T0. Data are presented as 

median of the relative expression in box plots (hinges 25%-75%; whiskers 

min to max) (Paper IV). 
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3.5 Experimental fish (Papers I-IV) 

All fish used in this study were free of infections, according to standard 

routine diagnostic procedures performed at the Icelandic Fish-Disease 

Reference Laboratory. 

Fish were kept in tanks with continuous running water with a density of 

3 kg fish/ tank or less and acclimatized one week before treatment. Oxygen 

concentration, temperature and mortality in each tank were monitored daily 

and the fish fed commercial pellets (Laxá hf.).  

Before i.p. injection, blood sampling, and marking, fish were 

anaesthetized with tricaine methane sulfonate (50 mg/ l) or MS222 

(Pharmaq, Vistor hf.) and marked with Alcian blue dye for short-term 

experiments or Visible Implant Fluorescent Elastomer dye (Northwest Marine 

Technology) for long-term experiments. 

All bacterial strains were passaged three times in Arctic charr before use 

in challenge experiments. Bacterial infections were monitored by head-kidney 

streak-out on blood agar plates and serological analysis using MONO-As 

(BIONOR AS) A. salmonicida autoagglutination kit. Further, A. salmonicida 

subsp. achromogenes mutants were confirmed by growth on the respective 

selective agar and confirmed by PCR or sequencing. 

Fish experiments were approved and performed according to the 

Icelandic Animal Research Authority (approval no. 1112-3201). 

 

 Challenge experiments 3.5.1

3.5.1.1 Challenge of Arctic charr with A. salmonicida subsp. 
achromogenes ΔasaI mutant (Paper I) 

Arctic charr (38 g ± 6 SD, N = 10) were kept in 70 l tanks with water 

temperature at 9 ± 1°C. Strain Keldur265-87, and its isogenic ΔasaI
 
mutant, 

Keldur265-87-3, were injected i.p. in bacterial suspensions (100 µl) with 

concentrations ranging from 10
4
 to 10

9
 CFU/ ml. Control fish received PBS 

only.  
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3.5.1.2 Challenge of Arctic charr with A. salmonicida subsp. 
achromogenes AsaP1-toxoid mutants (Paper IV) 

Arctic charr (experiment A: 44.7 ± 8 g, experiment B: 31 ± 7.2 g) kept in 70 l 

tanks with water temperature of 9 ± 1°C (experiment A) or 11 ± 1°C 

(experiment B) were challenged by i.p. injection of bacterial suspensions 

(100 µl) with concentrations ranging from 10
3
 to 10

6
 CFU/ fish. Control fish 

received PBS only.  

 

3.5.1.3 Challenge of vaccinated Arctic charr with A. salmonicida 
subsp. achromogenes wt (Paper IV) 

Arctic charr used in the vaccination experiment (34 ± 7 g) were kept in 400 l 

tanks with continuously running fresh water at 10 ± 2°C. 

Vaccinated fish were challenged by i.p. injection of ~10
4
 and ~10

5
 

CFU/ fish of A. salmonicida subsp. achromogenes wt, strain Keldur265-87. 

 

3.5.1.4 Challenge and sampling of Arctic charr for RT-qPCR 
analysis of the immune system (Paper II) 

Each experimental group (N = 61 for infection, N = 41 for control) of Arctic 

charr fingerlings (47 ± 8 g) used for infection were kept in separate 70 l tanks 

supplied with continuously running fresh water at 9 ± 1°C.  

Fish were i.p. injected with 100 µl of the respective bacterial suspension 

(Keldur265-87: 3.3 x 10
5
 ± 0.9 x 10

5
 CFU/ fish; AsaP1-deficient mutant 

Keldur265-87-2: 2.3 x 10
5
 ± 0.4 x 10

5
 CFU/ fish) or PBS for control.  

Five randomly chosen fish per group and time point were sampled 0 h, 

8 h, 1 d, 3 d, 5 d and 7 d after injection. Small organ pieces from head-

kidney, liver and spleen were immediately transferred into the RNA 

preservative Ambion
®
 RNAlater

®
 (Life Technologies

TM
) at an organ/ liquid 

ratio of at least 1:10. Samples were incubated for 24 h at 4°C and then 

transferred to -20°C.  
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3.5.1.5 Calculations applied for challenge experiments 

The LD50 was calculated according to a previously published method (Reed 

and Muench 1938) (Papers I, III, and IV).  

Mean day to death (MDD) was calculated, using the following formula 

(Papers I, III, and IV):  

                              

                                m = number of mortalities; d = days post challenge 

                         

 

 Immunisation experiment (Paper III) 3.5.2

Arctic charr (mean weight 34.1 g, N = 10), from Íslandsbleikja, Iceland were 

kept in 400 l tanks with continuously running fresh water at 10 ± 2°C.  

The four AsaP1-toxoid mutant proteins (AsaP1E294A, AsaP1E294Q, 

AsaP1Y309A, and AsaP1Y309F) emulsified 1:1 v/v with FIA were injected i.p. 

(100 µg/ fish) in Arctic charr. The mutants AsaP1E294A and AsaP1Y309F were 

also injected without FIA.  

Caudal blood of fish was sampled 12 weeks after immunisation, sera 

isolated as previously described (Magnadottir and Gudmundsdottir 1992) and 

kept at -20°C until used.  

 

 Vaccination experiment (Paper IV) 3.5.3

Experimental vaccines and number of fish per group are listed in Table 9.  

The experimental bacterin based on Keldur265-87-6 was prepared from 

50 ml broth culture grown inoculated with ~10
7
 CFU toxoid strain Keldur265-

87-6, incubated for 96 h with agitation (180 rpm) at 16°C up to an 

OD600nm = 0.8. Formaldehyde 2% (v/ v) was added to the culture and 

incubated for 24 h with shaking at RT. The cultures were dialysed overnight 

against dH20 with a weight cut-off of 12 kDa.  

Toxoid vaccines for the vaccination experiment were prepared from 

AsaP1E294A and AsaP1Y309F toxoids emulsified with FIA (1:1) to a final 

concentration of 666 µg protein/ ml vaccine. 
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All antigen-FIA-emulsions were injected i.p. (100 µl/ fish). PBS and PBS 

emulsified with FIA served as negative controls. The commercial fish vaccine, 

ALPHAJECT
®
5-3 (PHARMAQ, Oslo, Norway), which is a polyvalent fish 

vaccine including bacterins of A. salmonicida subsp. salmonicida, Vibrio 

anguillarum O1, Vibrio salmonicida, and Moritella viscosa, was used as a 

positive control in the vaccination experiment. 

 

Table 9: Experimental vaccines and number of fish per experimental group. 

 

 

 

 

 

 

 

 

 

 

3.6 Statistical analysis and calculations (Papers I-IV) 

Student’s t-test was used to calculate significances between growth and 

characteristics of bacterial strains (Papers I and IV). 

Fisher’s exact test was used to analyse the significance of differences in 

accumulated mortalities between groups, whereas survival curves were 

compared by Gehan-Breslow-Wilcoxon test (Papers I, III, and IV). To 

compare the MDDs of three or more groups Kruskal-Wallis test was applied 

as 1way ANOVA combined with Dunn‘s multiple comparison test as a post-

test to compare all pairs of columns (Paper III).  

Mann-Whitney U-test was applied to analyse statistical differences 

between the infection groups and PBS control group. Wilcoxon signed-rank 

test was used to compare medians of values recorded from treated fish to the 

hypothetical value of 1.0 (untreated fish). Differences between fish injected 

with the wt strain and the AsaP1-deficient mutant were analysed by unpaired 

t-test (Paper II).  

 

Vaccine 

 

N/ group 

Keldur265-87-6 (AsaP1Y309A) bacterin 51 

AsaP1E294A 51 

AsaP1Y309F 50 

PBS +FIA 51 

PBS 56 

ALPHAJECT
®
5-3 51 
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To compare ELISA readings Student’s t-test with Welsh correction was 

applied. PBS served as blank (Paper III). 

The threshold level for significance was p = 0.05.  
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4 Results 

4.1 A. salmonicida subsp. achromogenes AsaI-deficient 
mutant – construction and growth analysis (Paper I) 

The knock-out of the asaI allele was successfully performed by allelic 

insertion of a kanamycin gene cassette, resulting in the AsaI-deficient mutant, 

Keldur265-87-3. The whole asaI gene was replaced in frame with the up-

stream reverse asaR gene (frame -3) by the kanamycin resistant gene and 

confirmed by sequencing. Colonies were screened by PCR (kan-f/ kan-r 

primers) and positive colonies analysed by the monitor-bacterium 

C. violaceum and clones without an induction zone further sequenced. One 

isolate was selected and used for further analysis. 

The mutant, strain Keldur265-87-3, was growing at the same rate as the 

wt strain, when growth cultures were inoculated to an initial cell density of 10
4
 

CFU/ ml or higher (Figure 17 and Figure 1A Paper I). However, inoculation 

to an initial concentration of ≤ 10
3
 CFU/ ml resulted in a delayed growth of the 

AsaI-deficient mutant (Figure 17). Growth of the mutant and the wt strain on 

cellophane covered plates was comparable (p = 0.23780).  

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Growth of A. salmonicida subsp. achromogenes wt, strain Keldur265-87, 

and its isogenic AsaI-deficient mutant, Keldur265-87-3, inoculated to an initial 
concentration of ~10

3
 CFU/ ml (open symbols) and ~10

4
 CFU/ ml (solid symbols). 
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 Detection of AHL production 4.1.1

C4-HSL was found to be the only autoinducer present in the analysed A. 

salmonicida subsp. achromogenes strains by HPLC-HR-MS analysis. 

Secretion of C4-HSL by A. salmonicida subsp. achromogenes was visualized 

with the monitor-bacterium C. violaceum, which secrets a purple pigment in 

presence of short chained AHL molecules. The B-ECP of the AsaI-deficient 

mutant, Keldur265-87-3, isolated up to 208 h of growth did not produce a 

purple zone (Figure 1A Paper I and Figure 18A). Purple zones induced by 

B-ECP of A. salmonicida subsp. achromogenes wt, strain Keldur265-87, 

increased in a time dependent manner (Figure 1A Paper I and Figure 18B).  

 

Figure 18: AHL production of (A) A. salmonicida subsp. achromogenes AsaI-deficient 
mutant, Keldur265-87-3, and (B) wt, strain Keldur265-87, monitored by the bacterium 
C. violaceum in a well diffusion assay. 

 

 AsaP1 expression is quorum sensing regulated  4.1.2

AsaP1 secretion was analysed in B-ECP at several time points by polyclonal 

murine α-AsaP1 antibodies (Figure 1C Paper I). Furthermore, caseinolytic 

activity of B-ECP was detected spectrophotometrically at 450 nm 

(Figure 1B Paper I).   

AsaP1 was detected in B-ECP 47 h post inoculation with A. salmonicida 

subsp. achromogenes wt. In contrast, AsaP1 in B-ECP of A. salmonicida 

subsp. achromogenes AsaI-deficient mutant culture was first detected 61.5 h 

post inoculation.  
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Caseinolytic activity/ 10
8
 CFU in B-ECP of A. salmonicida subsp. 

achromogenes wt strain was 5-fold higher compared to the B-ECP of the 

AsaI-deficient strain.  

 

 AsaP1 production inhibited by Quorum sensing inhibitors  4.1.3

Bacterial growth was neither affected by the quorum sensing inhibitors nor its 

solvent, DMSO (Figure 3A Paper I). All three quorum sensing inhibitors 

inhibited caseinolytic activity significantly (p<0.001) in the late exponential 

phase, which can be directly correlated to the presence of AsaP1, since the 

AsaP1-deficient strain showed no caseinolytic activity at any time (Figure 3B 

Paper I). The quorum sensing inhibitor HepS-AHL was found to be the most 

effective inhibitor, resulting in 1.7-fold reduction of caseinolytic activity. 

Further, it was secured by a control that addition of DMSO had no inhibitory 

effect (Figure 3B Paper I). 

  

 Pigment production of A. salmonicida subsp. 4.1.4
achromogenes is quorum sensing regulated 

Cultures of A. salmonicida subsp. achromogenes AsaI-deficient mutant show 

a directly visible negative correlation of pigment production and knock-out of 

the quorum sensing autoinducer synthase AsaI. Cultures of A. salmonicida 

subsp. achromogenes wt, strain Keldur265-87, show the typical dark brown 

colour after 72 h of cultivation, whereas cultures of the AsaI-deficient, strain 

Keldur265-87-3, show no visible brown pigmentation up to 238 h 

(Figure 1B Paper I and Figure 19). However, photometric analysis revealed 

a pigment production of the mutant strain after 109 h, though it was 

significantly lower compared to the wt strain (p < 0.0001) 

(Figure 1B Paper I). Cell densities of the wt and the mutant strain were 

comparable after 204 h of cultivation (2.2 x 10
8 

and 2.8 x 10
8 

CFU/ml), 

however A405 values, reflecting pigment production, of the wt strain were 11 

fold higher compared to the AsaI-deficient mutant strain. 
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Figure 19: Visible difference in pigment production after 238 h of growth of  (1) 

strain Keldur265-87-3 (AsaI-deficient) and (2) strain Keldur265-87 (wt). 

 

 Virulence and cytotoxicity of A. salmonicida subsp. 4.1.5
achromogenes AsaI-deficient mutant in Arctic charr 

Virulence of A. salmonicida subsp. achromogenes in Arctic charr is impaired 

by the knock-out of the quorum sensing system. Both strains were injected 

i.p. in the same concentrations. No mortality occurred in groups injected with 

≤ 10
4
 CFU/ fish of the AsaI-deficient mutant, whereas a concentration of 

10
4
 CFU/ fish and 10

3
 CFU/ fish of the wt strain already caused 71% and 8% 

mortality, respectively (Table 10). 

A. salmonicida subsp. achromogenes wt strain had a twenty fold higher 

LD50 (5 x 10
3
 CFU/ fish) compared to its AsaI-deficient mutant 

(1 x 10
5
 CFU/ fish) (Table 10).  

Calculated MDDs were always higher in groups injected with the quorum 

sensing knock-out mutant compared to A. salmonicida subsp. achromogenes 

wt (p < 0.05) (Table 10). 
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Table 10: Challenge of Arctic charr with the A. salmonicida subsp. achromogenes 

AsaI-deficient mutant, Keldur265-87-3, and wt strain, Keldur265-87, respectively. 

 

 

Keldur265-87 wt strain 

 

CFU/ fish 10
8
 10

7
 10

6
 10

5
 10

4
 10

3
 

 

% mortality 100 100 100 85 71 8 

MDD 3.3 4.4 6.5 8.6 9.7 14 

LD
50

 5 x 10
3
 

 

 

Keldur265-87-3 AsaI-deficient strain 

 

CFU/ fish 10
8
 10

7
 10

6
 10

5
 10

4
 10

3
 

 

% mortality 100 92 88 46 0 0 

MDD 5.1 6.9 9 11.7 0 0 

LD
50

 1 x 10
5
 

 

The cytotoxic effect of the AsaI-deficient mutant was found to be impaired. 

Cell mortality induced by the AsaIdeficient mutant was not different from that 

of the negative control (p = 0.1680), but significantly less than that of the wt 

strain (p = 0.0004) (Table 3 Paper I). Ruptures induced in the EPC cell 

monolayer by the wt strain and its isogenic AsaI-deficient strain, were, 

however, not significantly different.  
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4.2 A-layer expression is not regulated by LuxI/ R quorum 
sensing  

Expression and surface presentation of LPS and A-layer of strain Keldur265-

87-3 (Table 1) was analysed by Western blotting. Isolated cells were probed 

by monoclonal mouse α-LPS and polyclonal rabbit α-A-layer antibodies, 

respectively. Blots shown in Figure 20 revealed that the lack of quorum 

sensing autoinducers is neither affecting the expression of LPS nor the 

A-layer protein. 

 

 

 

 

 

 

Figure 20: Western blot detection of A-layer protein (A) and LPS (B) on cells of strain 

Keldur265-87 (1-4) and (9-12) and strain Keldur265-87-3 (5-8) and (13-16) after 42 h 
(1, 5, 9, and 13), 62.5 h (2, 6, 10, and 14), 108.5 h (3, 7, 11, and 15), and 205 h (4, 8, 
12, and 16) of growth. 

 

 

4.3 Innate and adaptive immune response of Arctic charr 
(Paper II) 

  A. salmonicida subsp. achromogenes infection and 4.3.1
re-isolation of the bacterium 

Arctic charr fingerlings were either i.p. injected with strain Keldur265-87 (wt) 

or Keldur265-87-2 (AsaP1-deficient). Bacteria were re-isolated from head-

kidney to monitor the infection (Table 2 Paper II).  

Re-isolation of the wt strain was positive 8 h post infection and further 

from all wt infected fish 3 d and 7 d p.i., and 4 out of 5 fish were positive on 

day 5. In contrast, A. salmonicida subsp. achromogenes AsaP1-deficient 

strain was only isolated from one fish 24 h and 5 d post infection, 

respectively. However, 7 d p.i. three out of five fish were positive for the 

AsaP1-deficient strain. All PBS injected fish were Aeromonas negative. 

Bacteria could be found associated with the capsule of organs in 

histological examinations (data not shown), reflecting the artificial way of 
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infection. In one of three fish A. salmonicida subsp. achromogenes wt was 

found in blood vessels 7 d post infection, indicating a bacteraemia (Figure 

21).  

 

 

 

 

 

  

Figure 21: Bacteria  detected in blood vessels of Arctic charr liver 7 d post infection 
(exemplarily marked by black arrow). HE stained; Magnification x 40 (A and B); detail 
of B (C) 

 

  RT-qPCR studies of relevant immune genes 4.3.2

To analyse innate and adaptive immune response parameters of Arctic charr 

during infection with the bacterium A. salmonicida subsp. achromogenes, wt 

and AsaP1-deficient, expression of several immune genes were monitored. 

The genes analysed encoded the following factors: pro-inflammatory 

cytokines IL-1β, TNF-α; Th1 cytokine IFN-γ; Th2 cytokine IL-4/ 13A; 

anti-inflammatory cytokine IL-10; CC- and CXCL-8 (IL-8) chemokines; and 

cell markers CD83 (for APC) and CD8α (for Tcyt-cells).  

Constitutive expression could be detected of all analysed genes in spleen 

and head-kidney. Also in liver with the exception of CD8α. Detected 

expression levels were more prominent in spleen and head-kidney, than in 

liver (Tables 11-13).  
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Table 11: Gene expression of immune relevant genes in head-kidney of Arctic charr (N = 5) after infection with A. salmonicida subsp. 

achromogenes wt and its isogenic AsaP1-deficient mutant. Fish injected with PBS served as control. Expression of 60S-rRNA L36 of 

Arctic charr was used for normalization of gene expression for each individual. Listed significances are calculated in comparison to the 

PBS group at each time point. * < 0.05, ** < 0.01, *** < 0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Treatment Fold increase of target gene expression in head-kidney in relation to T0 (mean ± 1 SD) 

  0h 8h 1d 3d 5d 7d 

CXCL-8 wt 
1.0 (0.67-1.49) 

1.37 (0.93-2.00) 3.07 (1.67-5.64) 22.48 (9.07-55.73)** 54.75 (7.12-421.22) 17.40 (3.78-80.08)* 

 AsaP1-deficient 1.15 (0.72-1.83) 1.95 (0.86-4.42) 18.83 (10.88-32.59)** 4.51 (1.02-19.88) 14.35 (1.24-166.62) 

 PBS 1.95 (1.24-3.07) 0.97 (0.80-1.18) 2.10 (1.27-3.48) 1.55 (0.21-11.32) 0.46 (0.05-4.42) 

CC-chemokine wt 
1.0 (0.36-2.80) 

2.60 (1.28-5.27) 2.48 (1.26-4.89) 6.95 (3.29-14.70) 4.53 (2.12-9.71) 4.73 (2.87-7.79) 

 AsaP1-deficient 2.11 (1.39-3.21) 3.56 (1.12-11.27) 15.38 (13.47-17.56)** 3.62 (1.87-7.02) 6.19 (3.41-11.21) 

 PBS 4.07 (2.06-8.04) 2.41 (1.81-3.22) 4.05 (2.38-6.87) 4.40 (1.69-11.50) 4.07 (2.98-5.57) 

CD8α wt 
1.0 (0.69-1.45) 

0.88 (0.65-1.19) 0.95 (0.49-1.83) 1.20 (0.77-1.87) 0.71 (0.41-1.25) 0.80 (0.50-1.28) 

 AsaP1-deficient 0.93 (0.60-1.46) 1.10 (0.87-1.38) 1.19 (0.88-1.61) 1.11 (0.79-1.56) 1.10 (0.65-1.85) 

 PBS 1.71 (1.02-2.86) 0.88 (0.42-1.88) 1.31 (0.93-1.85) 1.86 (1.36-2.54) 1.18 (0.97-1.43) 

CD83 wt 
1.0 (0.80-1.25) 

1.57 (1.42-1.73) 0.70 (0.50-0.98) 0.86 (0.42-1.78) 0.69 (0.43-1.13)* 0.95 (0.60-1.51) 

 AsaP1-deficient 0.94 (0.49-1.84) 0.98 (0.70-1.38) 0.77 (0.49-1.22) 0.89 (0.68-1.17)* 0.66 (0.42-1.03) 

 PBS 1.48 (1.10-1.99) 0.92 (0.71-1.19) 0.92 (0.76-1.10) 1.67 (1.15-2.42) 0.92 (0.67-1.26) 

IL-1ß wt 
1.0 (0.61-1.64) 

1.01 (0.29-3.48) 0.60 (0.26-1.40) 2.69 (0.91-7.97)* 2.27 (0.88-5.86) 1.47 (0.76-2.86)* 

 AsaP1-deficient 1.57 (0.50-4.93) 1.47 (0.58-3.71) 0.76 (0.56-1.02) 0.42 (0.22-0.80) 1.38 (0.67-2.83)* 

 PBS 0.61 (0.30-1.24) 1.05 (0.81-1.36) 0.45 (0.24-0.83) 1.13 (0.51-2.50) 0.25 (0.10-0.61) 

TNF-α wt 
1.0 (0.64-1.55) 

0.97 (0.29-3.27) 0.43 (0.15-1.21) 1.03 (0.21-5.15) 0.44 (0.31-0.61) 0.61 (0.24-1.56) 

 AsaP1-deficient 1.24 (0.40-3.86) 1.26 (0.43-3.71) 0.29 (0.16-0.55) 0.32 (0.17-0.61) 0.93 (0.46-1.86) 

 PBS 0.01 (0.00-4.56) 0.09 (0.00-7.61) 0.42 (0.22-0.81) 1.11 (0.49-2.53) 0.20 (0.07-0.56) 

IL-10 wt 
1.0 (0.60-1.66) 

0.98 (0.22-4.30) 0.47 (0.20-1.11) 1.86 (0.66-5.24)* 1.47 (0.77-2.82) 1.19 (0.63-2.23)* 

 AsaP1-deficient 1.34 (0.44-4.03) 1.52 (0.51-4.52) 0.47 (0.23-0.93) 0.40 (0.20-0.77) 1.30 (0.52-3.26)* 

 PBS 0.78 (0.36-1.68) 0.97 (0.70-1.36) 0.50 (0.25-0.98) 0.93 (0.41-2.12) 0.21 (0.09-0.51) 
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Table 12: Gene expression of immune relevant genes in spleen of Arctic charr (N = 5) infected with A. salmonicida subsp. 

achromogenes wt and its isogenic AsaP1-deficient mutant. Fish injected with PBS served as control. Expression of analysed genes was 

normalized by the expression of 60S-rRNA L36 of Arctic charr for each individual. Listed significances are calculated from comparisons 

to the PBS injected group at the respective time point. * < 0.05, ** < 0.01, *** < 0.001 

Gene Treatment Fold increase of target gene expression in spleen in relation to T0 (mean ± 1 SD) 

  0h 8h 1d 3d 5d 7d 

CXCL-8 wt 
1.0 (0.71-1.41) 

1.63 (1.09-2.43) 1.32 (0.46-3.77) 49.29 (10.33-235.25)** 67.99 (10.99-420.51)** 9.30 (1.00-86.55) 

 AsaP1-deficient 1.09 (0.65-1.84) 2.29 (0.88-5.99) 20.44 (5.71-73.16)* 3.57 (0.66-19.30) 9.83 (0.70-137.89) 

 PBS 1.45 (0.92-2.30) 1.18 (0.75-1.84) 1.42 (0.68-2.97) 1.35 (0.95-1.93) 1.36 (0.48-3.87) 

CC-chemokine wt 
1.0 (0.60-1.68) 

3.08 (1.41-6.70) 3.14 (1.11-8.92) 4.60 (3.00-7.05) 3.10 (0.83-11.62) 2.43 (1.52-3.88) 

 AsaP1-deficient 2.01 (0.71-5.70) 2.78 (0.81-9.53) 4.32 (2.36-7.89) 3.14 (1.91-5.17) 5.58 (2.12-14.73) 

 PBS 4.59 (1.80-11.72) 2.35 (1.55-3.55) 3.43 (1.29-9.15) 2.33 (1.15-4.73) 2.13 (1.02-4.45) 

CD8α wt 
1.0 (0.56-1.79) 

1.03 (0.55-1.92) 0.52 (0.28-1.00) 0.51 (0.22-1.20) 0.38 (0.09-1.60) 0.42 (0.16-1.10) 

 AsaP1-deficient 0.42 (0.14-1.32) 0.69 (0.40-1.17) 0.46 (0.36-0.59)** 0.77 (0.47-1.28) 0.58 (0.38-0.90) 

 PBS 0.98 (0.75-1.27) 0.67 (0.41-1.12) 1.41 (0.92-2.17) 0.67 (0.42-1.08) 0.74 (0.39-1.38) 

CD83 wt 
1.00 (0.62-1.60) 

3.65 (2.36-5.67) 1.33 (0.84-2.11) 1.54 (1.03-2.30) 1.30 (0.42-4.04) 1.12 (0.68-1.83) 

 AsaP1-deficient 1.60 (1.17-2.18) 1.56 (0.97-2.53) 1.25 (0.89-1.78) 1.54 (1.15-2.06) 1.14 (0.83-1.58) 

 PBS 2.58 (1.51-4.41) 1.31 (1.06-1.61) 1.85 (1.16-2.94) 1.90 (1.26-2.87) 1.31 (0.72-2.39) 

IL-1ß wt 
1.0 (0.26-3.84) 

0.47 (0.36-0.62) 0.41 (0.33-0.51)* 3.41 (1.62-7.18)** 2.90 (0.61-13.83)** 1.51 (0.36-6.25) 

 AsaP1-deficient 0.70 (0.46-1.06) 0.98 (0.45-1.12)** 2.66 (1.00-7.11)** 0.53 (0.25-1.14)* 1.08 (0.24-4.74) 

 PBS 0.36 (0.29-0.45) 0.20 (0.11-0.37) 0.29 (0.19-0.44) 0.16 (0.08-0.33) 1.41 (0.44-4.51) 

TNF-α wt 
1.0 (0.23-4.44) 

0.58 (0.40-0.84) 0.36 (0.27-0.47) 0.87 (0.46-1.63)* 0.32 (0.18-0.55) 0.58 (0.32-1.08) 

 AsaP1-deficient 0.71 (0.48-1.04)* 0.68 (0.17-2.65) 0.95 (0.27-3.41) 0.34 (0.26-0.45)* 0.36 (0.15-0.84) 

 PBS 0.38 (0.29-0.51) 0.23 (0.14-0.38) 0.26 (0.15-0.44) 0.17 (0.10-0.28) 1.38 (0.47-4.00) 

IL-10 wt 
1.0 (0.22-4.51) 

0.27 (0.19-0.38) 0.17 (0.13-0.23) 0.39 (0.21-0.71)* 0.15 (0.09-0.26) 0.25 (0.13-0.48) 

 AsaP1-deficient 0.31 (0.21-0.45) 0.30 (0.08-1.16) 0.41 (0.12-1.48) 0.17 (0.12-0.24)* 0.17 (0.07-0.39) 

 PBS 0.16 (0.12-0.21) 0.11 (0.06-0.18) 0.14 (0.09-0.20) 0.09 (0.05-0.14) 0.63 (0.18-2.26) 

IL-4 wt 
1.0 (0.74-1.35) 

3.07 (1.57-6.02) 2.77 (1.64-4.67) 3.10 (2.16-4.43) 3.11 (1.89-5.11) 3.04 (1.81-5.08) 

 AsaP1-deficient 2.39 (1.15-4.96) 2.64 (1.36-5.14) 3.54 (2.20-5.69) 3.13 (2.08-4.72) 2.78 (1.76-4.40) 

 PBS 4.06 (2.50-6.58) 1.74 (1.35-2.25) 3.97 (2.63-6.00) 2.19 (1.41-3.38) 2.37 (1.09-5.12) 

INF-γ wt 
1.0 (0.77-1.30) 

3.12 (0.57-17.26) 6.31 (1.22-32.70) 4.29 (2.09-8.79) 11.76 (2.75-50.21) 2.61 (0.72-9.44) 

 AsaP1-deficient 3.97 (0.66-23.80) 5.48 (2.26-13.30) 7.78 (2.28-26.55) 3.89 (1.02-14.83) 7.76 (1.24-48.70) 

 PBS 8.12 (1.91-34.52) 3.72 (1.31-10.55) 7.78 (3.09-19.60) 7.20 (1.72-30.18) 5.39 (2.37-12.25) 
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Table 13: Gene expression of immune relevant genes in liver of Arctic charr (N = 5) post infection with A. salmonicida subsp. 

achromogenes wt and its isogenic AsaP1-deficient mutant. Fish injected with PBS served as control. Gene expression was normalized 

by 60S-rRNA L36 expression of Arctic charr for each individual. Listed significances are calculated by comparison to the PBS group of 

each time point. * < 0.05, ** < 0.01, *** < 0.001 

Gene Treatment Fold increase of target gene expression in liver in relation to T0 ( mean ± 1 SD) 

  0h 8h 1d 3d 5d 7d 

CXCL-8 wt 
1.0 (0.76-1.32) 

1.67 (0.85-3.30) 2.50 (0.17-36.90) 38.34 (11.56-127.16)** 47.59 (5.36-422.41)* 5.94 (1.53-23.05)* 

 AsaP1-deficient 0.95 (0.42-2.15) 3.16 (0.21-47.74) 18.08 (10.56-30.96)** 2.61 (0.48-14.14) 4.47 (0.15-129.16) 

 PBS 1.88 (1.16-3.03) 1.16 (0.62-2.17) 1.15 (0.57-2.30) 1.34 (0.52-3.43) 0.65 (0.42-1.00) 

CC-chemokine wt 
1.0 (0.49-2.04) 

1.93 (0.71-5.29) 10.49 (1.97-55.78) 4.30 (1.02-18.23) 1.20 (0.28-5.22) 4.21 (1.79-9.92) 

 AsaP1-deficient 1.55 (0.68-3.55) 15.79 (1.50-166.82) 5.44 (1.80-16.48) 2.38 (1.99-2.84) 1.64 (0.73-3.73) 

 PBS 2.73 (1.41-5.29) 3.34 (2.08-5.36) 6.30 (3.25-12.21) 5.91 (2.06-16.98) 3.73 (2.98-4.69) 

CD83 wt 
1.0 (0.76-1.32) 

2.30 (0.67-7.89) 1.71 (0.79-3.71) 1.30 (0.61-2.78) 0.82 (0.38-1.75) 0.79 (0.38-1.64) 

 AsaP1-deficient 0.58 (0.19-1.78) 1.32 (0.64-2.73) 0.95 (0.61-1.48) 1.02 (0.52-2.00) 2.33 (0.13-43.15) 

 PBS 1.13 (0.64-1.99) 1.08 (0.77-1.52) 0.84 (0.61-1.15) 2.18 (1.09-4.36) 0.88 (0.59-1.32) 

IL-1ß wt 
1.0 (0.37-2.70) 

1.77 (0.49-6.36) 1.09 (0.57-2.09) 2.47 (1.07-5.71) 3.30 (0.71-15.39) 0.93 (0.22-3.96) 

 AsaP1-deficient 0.35 (0.16-0.75) 0.58 (0.31-1.07) 1.31 (0.55-3.11) 0.63 (0.13-3.20) 1.39 (0.17-11.05) 

 PBS 0.40 (0.15-1.03) 1.14 (0.48-2.73) 0.58 (0.17-2.01) 2.94 (0.74-11,70) 0.42 (0.22-0.80) 

TNF-α wt 
1.0 (0.35-2.85) 

1.75 (0.51-6.05) 0.82 (0.33-2.02) 0.88 (0.43-1.80) 0.81 (0.40-1.65)* 0.68 (0.19-2.43) 

 AsaP1-deficient 0.40 (0.21-0.78) 0.55 (0.31-0.98) 0.86 (0.29-2.53) 0.51 (0.16-1.67) 0.47 (0.20-1.11) 

 PBS 0.41 (0.11-1.52) 1.40 (0.53-3.71) 0.90 (0.31-2.60) 3.78 (1.01-14.21) 0.51 (0.25-1.05) 

IL-10 wt 
1.0 (0.42-2.36) 

1.72 (0.62-4.79) 0.98 (0.61-1.57) 1.99 (0.39-10.16) 1.75 (0.79-3.88) 1.00 (0.30-3.33) 

 AsaP1-deficient 0.36 (0.24-0.56) 0.62 (0.32-1.18) 1.04 (0.43-2.52) 0.70 (0.19-2.55) 0.52 (0.21-1.29) 

 PBS 0.51 (0.22-1.17) 1.25 (0.69-2.28) 0.95 (0.44-2.04) 2.93 (0.86-10.03) 0.39 (0.17-0.87) 
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All amplification products were verified by agarose gel analysis and 

sequenced (Figure 22 and Table 14). Resulting sequences have high 

identities to the corresponding genes of rainbow trout and Atlantic salmon, 

which served as template in the process of primer construction (Table 14). 

 

Figure 22: RT-qPCR products analysed on agarose gel (1) FastRuler
TM

 Middle 

Range DNA-Ladder, (2) TNF-α, (3) IL-1β, (4) IFN-γ, (5) IL-10, (6) IL-4/ 13A, (7) CXCL-

8, (8) CC-chemokine, (9) CD8α, (10) CD83, (11) 60S rRNA L36. 
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Table 14: Partial sequences of the RT-qPCR amplification products of Arctic charr and the nucleotide sequence identity according to 

alignments of the template genes from Rainbow trout and Atlantic salmon, respectively. The primer sequences are underlined: forward-

primer, reverse-primer. 

 
Gene Sequencing results Identity to template 

 
Cytokines 

  

TNF-α 

 
CCAGGCTTCGTTTAGGGTCAAGTGCAATGGCCCGGGCGAGCATACCACTCCTCTGAGTCACGTTATTTGGCGCTATTCGGACTCCATCGG
GGTTAAGGCTAATCTTCTTAGCGGGGTAAGGTCAGTTTGTCAACGAAACTACGGTGATGCTGAGTCCAATATCGGCGAAGGCTGGTACAA
TGCAGTTTACCTTGGTGCAG---------------------------------------------- 

97.0% to AJ278085.1 

IL-1β 
 
ACATTGCCAACCTCATCATCGCCATGGAGAGGCTAAAGGGTGGCG--------------GGGACCGAGTTCAAGGACAAGGACCTGCTCAA 

97,8%, 96,9% to 
NM_001124347.1 

IFN-γ 
 
CTGTTCAACGGAAACCCTGTTTTCCCCAAGGACACGTTTGAGGA------------------------------------- 100% to FJ184374.1 

IL-10 
 
CGACTTTAAATCTCCCATCGACTCCATCGGAAACATCTTCCACGAGCTGAAGAAAGAGATCGTCCAATGCAG 

100% to 
NM_001245099.1 

IL-4/ 13A 
 
GTCAGAGGAACTTCTGGAAACATTACTCCTAGATGTTAGACATTTGACTGAGACCACCACAAAATGCAAGGAGTTCTTCTGCGAAGCTGAG
ACAATCTTGGCCTCCGTGAAAAATGACACGTTTGGTGAG------------------------------------ 

95.4% to AB574337.1 

CXCL-8 (IL-8) 
 
--AATGTCAGCCAGCCTTGTCG----------------------CATTACTGAGGGGATGAGTCTGAGA 100% to AJ279069 

CC-chemokine 
 
GTCAGTGGAGGATGTCGGATAGCTGCCACTGTGTTTGTCACGAAGAAGAATCATAGACTGTGTGCTCCTCCTGCCACCAAGAACAACTGG
GTGGCCAAACTCATCAAGCAACTGAAGAGGAAATCGCA 

 
98,4% to CB503743.1 
 

 

Cell markers   

CD8α 
 
---------------------------------CTGGTGGCTGTGGCTTCCTCTTCCTCCTCCTCATCATCACTGTATGCCACTGCAACCGGATGAGAACGAAACGAT 
GCCCACATCATTACAAAAGACAGCCGAGAATGGCAGCACCGGGGCAACAACATCCTACAGCCAACAACAGACTTTTCTAACCC------------ 

94.9% to AF178053.1 

CD83 
 
TAACGGCTGTTGATAGCGGGAGGTACAAGTGTCTCCTGGCAGCACCTGTAGGAGAGCAGAACCAGGAGGGCCAGGTTCACCTCAGAGTG
ACAGGTTGCCTTGAGTCCACAGACCAATCAGAAGAAA 

98,4% to AY263796.1 

 

Normalizer   

60S ribosomal 
RNA L36 

 
---TTAATCCTTCTTGGCAGCAGCCTTCCTCATGGCAGCCAGGACGTTGCTGAGCTCCTCCCTCTTTCTCTTGGCGCGGATGTGAGTTCCA 
ATCCTCTTCTTGATGAACTTGAGGGCGCGCTTATCCTTGGACACCTTCAGCAACTCCATGGCGCGCCTCTCGTAAGGGGCGAAGCCGCAC
ACCTCA----------- 
 

94.6% to CB497661 
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4.3.2.1 Pro-inflammatory cytokines IL-1β and TNF-α 

Pro-inflammatory cytokines, IL-1β and TNF-α, were up-regulated during 

infection with A. salmonicida subsp. achromogenes wt strain and its isogenic 

AsaP1-deficient mutant (Figure 1 Paper II, Tables 11 and 12). 

Expression of IL-1β was significantly up-regulated in spleen 1, 3, and 5 d 

p.i. in both, wt and AsaP1-deficient mutant infected fish, with highest 

expression level detected at 5 d (2.9 fold) and 3 d (2.7 fold) post infection, 

respectively. 

Wt infected fish showed a higher up-regulation of IL-1β in spleen and 

head-kidney compared to the mutant infected fish, 3 and 5 d post infection 

(Figure 1 Paper II; Tables 11 and 12). In liver no significant differences 

could be detected in expression of the two analysed pro-inflammatory 

cytokines (Table 13). 

TNF-α was significantly up-regulated in spleen of Arctic charr 8 h and 5 d 

post infection with A. salmonicida subsp. achromogenes AsaP1-deficient 

strain and 3 d post infection with the wt strain, respectively, compared to the 

PBS injected control group. However, significant down-regulation of TNF-α 

compared to the PBS control was detected in liver of Arctic charr 5 d post 

infection with the wt strain. No significant expression changes were detected 

in head-kidney (Figure 1 Paper II; Tables 11-13). 

 

4.3.2.2 Anti-inflammatory cytokine IL-10 

A significant up-regulation of IL-10 could be detected in spleen and head-

kidney, but not in liver of infected Arctic charr compared to the PBS control 

group (Figure 2 Paper II; Tables 11-13).  

In spleen, highest expression of IL-10 was detected 3 d post infection with 

the wt strain (2.7 fold) and the AsaP1-deficient strain (2.9 fold). 

Expression of IL-10 in head-kidney was significantly higher 3 and 7 d post 

infection with strain Keldur265-87 and 7 d post infection with strain 

Keldur265-87-2 compared to PBS control fish (Table 11). Furthermore, a 

significantly higher expression of IL-10 (4 times) could be detected in wt 

compared to AsaP1-deficient strain infected fish 3 d post infection 

(Figure 2 Paper II; Table 11).  
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4.3.2.3 Th1 and Th2 related immune response 

Th1 related immune response was researched by expression analysis in 

spleen of the cytokine IFN-γ, which is predominantly secreted by NK-cells, 

NKT-cells, Th1 cells, and Tcyt-cells in mammals. Compared to untreated fish 

high expression levels could be reported, but no significant differences were 

detected compared to the PBS injected control group (Figure 3 Paper II; 

Table 12). 

Th2 response was analysed in spleen by expression of the cytokine 

IL-4/ 13A, which is mainly secreted by Th2 cells in mammals (Figure 3 

Paper II; Table 12). However, no significant different expression could be 

detected between groups injected with bacteria and PBS, respectively. 

 

4.3.2.4 Expression of chemokines CXCL-8 and CC-chemokine 

The chemokine CXCL-8 (IL-8) was highly up-regulated (more than 40.0 fold) 

in all three analysed organs, spleen, head-kidney, and liver, of Arctic charr 

infected with A. salmonicida subsp. achromogenes wt, strain Keldur265-87, 

with a peak expression 5 d post infection (Tables 11-13). Representative 

expression is shown in a box blot for spleen (Figure 4 Paper II). 

Furthermore, detected expression of the chemokine CXCL-8 was 

significantly higher (19.0 fold) in spleen of Arctic charr 5 d post infection with 

strain Keldur265-87 compared to infection with Keldur265-87-2. 

A general up-regulation of CC-chemokine expression could be detected in 

fish infected with strain Keldur265-87-2 in all three organs compared to 

untreated fish. However, only 3 d post infection expression was significantly 

higher (3.8 fold) compared to the expression in PBS control fish (Figure 4 

Paper II; Tables 11-13). 

 

4.3.2.5 Expression of cell marker CD8α and CD83  

CD8α, a marker for Tcyt-cells, was significantly down-regulated in spleen of 

Arctic charr 3 d post infection with A. salmonicida subsp. achromogenes 

AsaP1-deficient mutant (Figure 5 Paper II; Table 12). Detected expression 

of CD8α was generally low and no other significances were detected in 

spleen and head-kidney (Tables 11 and 12). 

Expression of CD83, a marker of mature mammalian antigen presenting 

cells, remained mainly un-regulated in spleen, head-kidney and liver (Tables 

11-13) in this study. Only a slightly lower expression of CD83 in head-kidney 
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5 d post bacterial infection compared to PBS injected fish 

(Figure 5 Paper II; Table 11) could be detected. Overall, expression results 

show, that CD83 remains unchanged under these particular experimental 

conditions.  

 

  B-cell recruitment in spleen 4.3.3

Histological analysis of spleen revealed differences of infected fish compared 

to PBS injected controls. White pulp around ellipsoids was found to be 

increased in HE stained sections of infected fish. Representative spleen 

sections of Arctic charr 7 d p.i. of strain Keldur265-87 and PBS are shown in 

Figure 6 Paper II.  

However, intense pathological changes could not be found. Further, there 

were no histomorphological changes detected between fish infected with wt 

and AsaP1-deficient strain, respectively. 

Immunofluorescence labelling of cells using polyclonal α-CD3ε antibodies 

and monoclonal α-IgM antibodies designed for Atlantic salmon (Koppang et 

al. 2010) and rainbow trout, respectively, was applied to analyse the 

lymphoid cells in spleen of infected fish. 

In spleen of fish infected with strain Keldur265-87 groups of CD3ε positive 

cells were found to be scattered all over the sections (Figure 7A Paper II), 

whereas in PBS control fish CD3ε positive cells were solitarily scattered 

(Figure 7B Paper II). 

Further, analysis with monoclonal α-IgM antibodies revealed, that 

increased white pulp in spleen of infected fish seems to be due to an 

increased number of B-cells (IgM positive) (Figure 7C Paper II) compared to 

PBS injected fish (Figure 7D Paper II). 

There were no differences detected in sections stained with α-CD3ε and 

α-IgM antibodies of fish infected with the wt and the AsaP1-deficient strain, 

respectively, which is in accordance with results from HE stained sections. 
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4.4 Construction of AsaP1-toxoid mutant proteins and 
studies of its activity and processing (Paper III) 

  AsaP1-toxoid construction and expression 4.4.1

Based on previous studies on the active site of metalloproteases two amino 

acid residues were chosen to be exchanged in order to erase protease 

activity and retain the antigenic structure: Glu294 and Tyr309. The Glu294 is 

encoded in the conserved HExxH motif, together with the two zinc binding 

histidines. It polarises the nucleophilic water, which attacks the scissile 

peptide bond and is therefore essential for proteolytic activity (Fushimi et al. 

1999). The Tyr309 is conserved in the GTxDxxYG motif of aspzincin 

proteases. It lowers the energy of the transition state (Kraut 1977; Bryan et 

al. 1986) and is believed to be involved in substrate recognition (Hori et al. 

2001). Four AsaP1 mutants, AsaP1E294A, AsaP1E294Q, AsaP1Y309A, and 

AsaP1Y309F were successfully constructed by site-directed mutagenesis and 

confirmed by sequencing.  

Expression of asaP1wt and its four asaP1-toxoid mutant genes was 

carried out in E. coli BL21 C43. Growth of the E. coli strains expressing the 

different proteins was significantly different during stationary phase (Figure 1 

Paper III). Significant differences are shown in the box in Figure 1 (Paper 

III). Strains E. coli BL21 C43 without plasmid and producing the inactive 

mutant AsaP1E294A, respectively, were growing to the highest cell density, 

also constant during stationary phase. All other strains died and lysed after 

reaching peak growth, whereas lysis of the strain producing recombinant 

AsaP1wt, was highest, starting 6 h post induction and resulting in a 27-fold 

lower OD (0.23) than the strain producing the inactive mutant AsaP1E294A 

(OD = 6.3) 27.5 h post induction in flask cultures. 

Size analysis of the AsaP1-toxoid mutants revealed that AsaP1E294A, 

AsaP1E294Q and AsaP1Y309A were detected at the size of the unprocessed 

AsaP1 pre-pro-protein, 37 kDa (Figure 2, lanes 4, 5 and 7 Paper III). 

However, AsaP1Y309F, the only mutant showing a reduced caseinolytic activity, 

was detected at 22 kDa (Figure 2, lane 6 Paper III), the same size as 

recombinant AsaP1wt (Figure 2, lane 3 Paper III).  

E. coli was not able to secrete the recombinant proteins; all five were 

found in the expressing cells (Paper III, Figure 3).  
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 Activity and processing of the four AsaP1-toxoids 4.4.2

The amino acid residue exchange of three of the four AsaP1 mutants 

(AsaP1E294A, AsaP1E294Q, and AsaP1Y309A) resulted in a total deletion of 

caseinolytic activity. Whereas AsaP1Y309F showed a reduced caseinolytic 

activity compared to the recombinant AsaP1wt detected in radial diffusion 

assay by a 4 mm clearing zone compared to 7 mm (recombinant AsaP1wt) 

and 30 mm (AsaP1wt) (data not shown). In a substrate SDS-PAGE 

AsaP1Y309F showed a cleared band at 22 kDa (data not shown). 

Although, AsaP1Y309F showed reduced caseinolytic activity in vitro, 

analysis in vivo revealed that all four AsaP1 mutants were non-lethal in the 

concentration of 100 µg/ fish in Arctic charr. Further, gross pathological 

changes were not detected.   

 

 Stability of the AsaP1-toxoids  4.4.3

Stability of the AsaP1-toxoids AsaP1E294A and AsaP1E294Q, as well as of 

recombinant AsaP1wt was analysed for 18 d by SDS-PAGE at 4°C (Figure 4 

Paper III) and 20°C (supplemented data of Paper III). The size of the 

unprocessed AsaP1 pre-pro-peptidase, 37 kDa, was detectable for both 

caseinolytic inactive AsaP1-toxoid mutants up to 18 d (Figure 4 Paper III). 

Recombinant AsaP1wt could be detected as processed form of 22 kDa only 

as a faint band at day 1 (arrow in Figure 4 Paper III), presumably due to its 

high and self-degrading activity that the initial concentration of 1 mg/ ml 

cannot be detected at day 1. However, at this lower protein concentration 

recombinant AsaP1wt seems to be stable, since the faint band was detected 

up to 18 d.  

Degradation of inactive AsaP1-toxoids differs compared to degradation 

through the active, recombinant AsaP1wt. Further, degradation of AsaP1-

toxoids by recombinant AsaP1wt can be inhibited by EDTA, showing similar 

degradation pattern as the toxoid alone. 

Additionally, detected degradation bands of recombinant proteins were 

compared to the size of mature AsaP1wt in C-ECP of A. salmonicida subsp. 

achromogenes (Figure 4E Paper III). The prominent band detected with 

recombinant AsaP1wt and also with the mixture AsaP1E294 and recombinant 

AsaP1wt has a higher molecular weight compared the mature AsaP1wt 

detected in C-ECP that is referred to a size of 19 kDa (Arnadottir et al. 2009). 

However, a faint band can also be detected at the size of 19 kDa by Western 

blot but not by SDS-PAGE in the recombinant protein samples. Long 

incubation time and the high concentration of purified enzyme presumably 
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induced this last processing step, otherwise not detected for recombinant 

AsaP1. 

 

 Specific antibody response in Arctic charr against 4.4.4
AsaP1-toxoids 

Arctic charr were immunised with all four recombinant AsaP1 mutant proteins 

(AsaP1E294Q, AsaP1E294A, AsaP1Y309F, and AsaP1Y309A) emulsified with FIA 

and AsaP1E294A and AsaP1Y309F were additionally injected without an 

adjuvant. Immunisation with PBS emulsified in FIA served as a negative 

control. A specific antibody response against C-ECP of strain Keldur265-87 

analysed by ELISA was detected in all groups 12 weeks post immunisation 

(Figure 5 Paper III). Western blotting revealed that antibody response was 

mainly directed against the 19 kDa AsaP1wt (Figure 6 Paper III). Fish 

immunised with PBS-FIA emulsion showed no α-AsaP1 antibody response. 

Immunisations with AsaP1E294A-FIA, AsaP1Y309A-FIA, AsaP1Y309F-FIA and 

AsaP1Y309F raised a significantly different immune response compared to the 

control group. Antibody responses evoked by AsaP1E294Q-FIA and AsaP1E294A 

were not significantly different from that of the control group (p > 0.08). A 

significant difference (p = 0.002) was detected between groups immunised 

with AsaP1E294A-FIA and AsaP1E294A without the adjuvant, indicating the 

importance of the adjuvant in enhancing an immune response. 

Antibody endpoint titres were analysed from 5 fish per group against C-

ECP of A. salmonicida subsp. achromogenes wt. Results are shown in 

Figure 5B Paper III. In all fish immunised with AsaP1 mutants a significant 

anti-AsaP1 titre (p < 0.01) could be detected. AsaP1E294A-FIA raised the 

highest antibody titre, which was significantly different compared to the other 

groups (p < 0.05). Differences between other groups were not significant 

(p > 0.07). 

The results of the immunisation experiment show that all four constructed 

mutants are able to induce a specific α-AsaP1 antibody response and further 

indicate that AsaP1E294A has the highest antigenicity. 
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4.5 Construction of two A. salmonicida subsp. 
achromogenes strains secreting AsaP1E294A and 
AsaP1Y309F-toxoids and analysis of their virulence and 
immunogenicity (Paper IV) 

Two of the four AsaP1 toxoids were used for construction of A. salmonicida 

subsp. achromogenes AsaP1-toxoid strains, resulting in Keldur265-87-4 

(AsaP1E294A-toxoid) and Keldur265-87-6 (AsaP1Y309F-toxoid). Successful 

mutant construction was confirmed by sequencing and back-mutants were 

generated and always analysed in parallel to proof that the process of mutant 

construction had no other side effects. 

Growth rates of the A. salmonicida subsp. achromogenes AsaP1-toxoid 

strains, the corresponding back-mutants and wt as well as AsaP1-deficient 

control were comparable (Figure 1 Paper IV).  

 

 A. salmonicida subsp. achromogenes mutants secreting 4.5.1
AsaP1-toxoids 

AsaP1 could be detected by α-AsaP1 antibodies in B-ECP of all analysed 

strains, except the AsaP1-deficient strain, Keldur265-87-2 

(Figure 2 Paper IV). 

Strain Keldur265-87-6 secreted AsaP1Y309F-toxoid in the size of the 

mature AsaP1wt (19 kDa) (Figure 2B Paper IV). Strain Keldur265-87-4 

secreted its AsaP1E294A-toxoid as un-processed preproprotein (37kDa), 

during 125 h growth, whereas bands of 22 kDa and 19 kDa could be detected 

later than 74 h of growth (Figure 2A Paper IV). 

B-ECP’s of both AsaP1-toxoid strains and the AsaP1-deficient strain lack 

of caseinolytic activity, whereas the back-mutants of both toxoid strains 

showed a comparable caseinolytic activity as A. salmonicida subsp. 

achromogenes wt (Figure 3 Paper IV). 

 

 Virulence of AsaP1 toxoid strains 4.5.2

Virulence of the two toxoid mutant strains, Keldur265-87-4 (AsaP1E294A) and 

Keldur265-87-6 (AsaP1Y309F), were analysed in two different challenge 

experiments, which differed in size of fish, water temperature and season 

(Table 3 Paper IV). In detail, the average weight of Arctic charr of experiment 

A (44.7 ± 8 g) was 13.7g more than that of Arctic charr in experiment B 

(31.0 ± 7.2 g). Further, water temperature of experiment  A  (9 ± 1°C) 
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performed in February was in average 2°C lower compared to the June 

experiment B (11 ± 1°C) .  Therefore, the two experiments were analysed 

separately. 

A. salmonicida subsp. achromogenes AsaP1Y309F-toxoid mutant, strain 

Keldur265-87-6, showed a significantly reduced virulence compared to the 

wt, strain Keldur265-87, (p = 0.0302) (Table 3A Paper IV). Calculated LD50 

(1.2 x 10
5
 CFU/ fish) of the AsaP1Y309F-toxoid strain was 8.6 times higher 

compared to the wt (1.4 x 10
4
 CFU/ fish). However, detected virulence of the 

corresponding back mutant, Keldur265-87-7 (LD50 = 7.3 x 10
4
 CFU/ fish) was 

not significantly different from either the AsaP1toxoid strain or the wt strain. 

No significant difference of MDD’s caused by infection of the toxoid strain, 

Keldur265-87-6, compared to the back mutant or the wt was detected 

(Table 3A Paper IV).  

Detected virulence of A. salmonicida subsp. achromogenes AsaP1E294A-

toxoid mutant, strain Keldur265-87-4, in experiment B, was found to be 

comparable to the virulence of the AsaP1-deficient mutant, strain Keldur265-

87-2, (p = 1.0000). Calculated LD50 the AsaP1-deficient strain 

(1.6 x 10
4
 CFU/ fish) and the AsaP1E294A-toxoid strain (2.3 x 10

4
 CFU/ fish) 

was 3.6 times higher than the LD50 of the back mutant, Keldur265-87-5, 

(6.4 x 10
3
 CFU/ fish), but this difference did not reach statistical significance 

(Table 3B Paper IV). Further, calculated MDD were not significantly different 

between the AsaP1E294A-toxoid mutant, strain Keldur265-87-4, and its 

corresponding back mutant and wt (Table 3B Paper IV). 

 

 A. salmonicida subsp. achromogenes AsaP1Y309F-bacterin 4.5.3
protects Arctic charr 

The experimental bacterin based on the AsaP1Y309F-toxoid strain, Keldur265-

87-6, gave a significantly better protection (4% mortality) in Arctic charr 

challenged with A. salmonicida subsp. achromogenes wt, strain Keldur265-

87, compared to the recombinant AsaP1E294A (p = 0.0074) and AsaP1Y309F 

(p = 0.0043) toxoid vaccines (22% and 24% mortality) and the negative 

controls PBS (p < 0.0001) and PBS emulsified with FIA (p < 0.0001) (54% 

and 37% mortality). Furthermore, protection was comparable (p = 0.5676) to 

the commercial polyvalent vaccine ALPHAJECT
®
5-3 (2% mortality) in Arctic 

charr. Number of fish per group, accumulated mortalities and calculated p-

values are shown in Figure 4 Paper IV and Table 15. 
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Table 15: Accumulated mortality of Arctic charr challenged by i.p. injection 

with A. salmonicida subsp. achromogenes, strain Keldur265-87: The 

challenge was performed 12 weeks post-immunisation with experimental 

vaccines emulsified in an oil adjuvant (FIA). An experimental bacterin based 

on the AsaP1-toxoid mutant, Keldur265-87-6; AsaP1E294A, recombinant 

AsaP1E294A-toxoid; and AsaP1Y309F, recombinant AsaP1Y309F-toxoid. A 

commercial fish vaccine ALPHAJECT
®
5-3 served as positive control and fish 

injected with PBS and PBS emulsified with FIA served as negative controls.  

 

 

 

 

Experimental vaccine N/ group 
Accumulated 

mortality (%) 

p-value 

compared 

to PBS 

control 

p-value 

compared 

to FIA 

control 

 

Vaccination experiment 

 

    

Keldur265-87-6 (AsaP1Y309A) 

bacterin 
51 4 <0.0001 <0.0001 

AsaP1E294A 51 22 0.0002 0.0765 

AsaP1Y309F 50 24 0.0001 0.0701 

PBS +FIA 51 37 0.0574  

PBS 56 54   

ALPHAJECT
®
5-3 51 2 <0.0001 <0.0001 
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5 Discussion 

In the present study the impact of the secreted metalloendopeptidase AsaP1 

of A. salmonicida subsp. achromogenes on the virulence of the bacterium, 

as well as on the immune response of Arctic charr, during A. salmonicida 

subsp. achromogenes infection was analysed. Further, a new vaccination 

strategy was experimentally evaluated, as a prophylactic measure against 

atypical furunculosis in farming of salmonids, using vaccination of Arctic 

charr as a model. 

 An A. salmonicida subsp. achromogenes quorum sensing knock-out 

mutant showed that expression of AsaP1, cytotoxic factor(s) and pigment is 

regulated by quorum sensing. Neither of the analysed cell associated 

virulence factors A-layer protein and LPS were found to be quorum sensing 

regulated, but the pathogenicity of the quorum sensing knock-out strain was 

significantly impaired compared to the wt strain (Paper I).  

Analysis of innate and adaptive immune parameters of Arctic charr 

revealed, that infection of A. salmonicida subsp. achromogenes leads first to 

an up-regulation of innate immune parameters followed by a Th2 based 

adaptive immune response, which subsequently activates the B-cell 

response. Infection with the AsaP1-deficient strain shows a significantly 

different immune response, indicating the importance of AsaP1 in the 

pathogenicity of the bacterium (Paper II). 

Four AsaP1-toxoids were successfully constructed and expressed 

recombinant in E. coli. The toxoids were nontoxic to fish, but retained 

immunogenic features of AsaP1 (Paper III). Two AsaP1-toxoid encoding 

genes were successfully integrated into the A. salmonicida subsp. 

achromogenes genome, replacing the wt asaP1 gene. An A. salmonicida 

subsp. achromogenes strain secreting an AsaP1-toxoid was used to produce 

a bacterin. Experimental vaccination of Arctic charr with the monovalent 

bacterin induced protection that was comparable to protection provided by a 

commercial polyvalent furunculosis vaccine (Paper IV). 

Construction of the inactive AsaP1 mutants (toxoids) provided new 

insights into the maturation process of the enzyme. AsaP1 was shown to be 

the first known aspzincin protease, which processes autocatalytically to its 

mature size (Papers III and IV). 
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5.1 Deletion of AsaI leads to a total knock-out of the 
quorum sensing system of A. salmonicida subsp. 
achromogenes (Paper I) 

In the study published in the first paper it was shown, that A. salmonicida 

subsp. achromogenes possesses one LuxI/R-type quorum sensing system, 

termed AsaI/R. Furthermore, it was found to produce only one autoinducer, 

C4-HSL, which is synthesised by the autoinducer synthase AsaI. AsaP1 

production was inhibited by AHL analogons, which inhibit quorum sensing, in 

a concentration that did not affect bacterial growth. The successful knock-out 

of the asaI gene by allelic induction of a kanamycin cassette led to a total 

knock-out of the quorum sensing, confirmed by complete lack of autoinducer 

production. Previous research of A. hydrophila quorum sensing showed that 

a knock-out of both quorum sensing genes ahyI and ahyR resulted in a total 

lack of AHL production (Khajanchi et al. 2009). However, it is a new finding 

that a knock-out of the synthase alone has the same effect. Furthermore, it is 

a new finding that competitive inhibitors of quorum sensing can affect 

bacterial pathogenicity without affecting growth of the pathogen. 

 

 AsaP1 expression is quorum sensing regulated 5.1.1

AsaP1 was detected extracellularly in the late exponential phase of A. 

salmonicida subsp. achromogenes growth. AsaP1 could be detected during 

stationary growth in the ECP of the AsaI-deficient strain, however, 

caseinolytic activity as well as the intensity of immunostaining in western blot 

was visibly lower. The wt strain produced 5-fold more of AsaP1 compared to 

the AsaI-deficient mutant after 204 h of growth. AsaP1 expression could be 

restored by artificial addition of the corresponding autoinducer (C4-HSL). 

Further, the quorum sensing knock-out strain produced less total 

extracellular proteins than the wt strain (Paper I). 

Quorum sensing regulation of the metalloprotease EprA1 of A. hydrophila 

strain AH-1N, which is 91% identical to AsaP1, has been reported (Chang et 

al. 1997; Swift et al. 1997). It was shown that a knock-out of ahyI, the 

autoinducer synthase, and ahyR, the autoinducer receptor and 

transcriptional regulator, leads to impaired virulence and protease production 

in A. hydrophila (Bi et al. 2007; Khajanchi et al. 2009). Further, an ahyI 

knock-out ahyR complementation strain was found to have all phenotypic 
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characteristics restored in vitro by addition of the two AHL molecules 

produced by A. hydrophila, C4-HSL and C6-HSL (Khajanchi et al. 2009). 

The present study, however, represents the first study showing that an A. 

salmonicida autoinducer synthase knock-out alone results in impaired 

virulence and there are no reports available on the virulence function of 

EprA1 of A. hydrophila. 

 

 Inhibition of AsaP1 production by quorum sensing 5.1.2
inhibitors  

Three quorum sensing inhibitors, ProS-AHL, PenS-AHL, and HepS-AHL, 

were applied and inhibition of AsaP1 production estimated by caseinolytic 

activity. The AHL analogons differed in site chain length and it could have 

been expected that the inhibitor with the highest structural and sterical 

similarity would be found to be the best inhibitor in A. salmonicida subsp. 

achromogenes. That would be ProS-AHL which provides a side chain length 

closest to C4-HSL, the autoinducer of A. salmonicida subsp. achromogenes. 

In this study, however, HepS-AHL was the best inhibitor, which is in 

accordance with previously reported results from P. aeruginosa (Persson et 

al. 2005). As shown in the present study, there is an inhibiting effect 

detected on the growth of the quorum sensing knock-out, when inoculated at 

lower cell densities. This finding leads to the assumption that quorum 

sensing inhibitors can inhibit bacterial growth in the early stage of bacterial 

infection.  

 

 Pigment production is quorum sensing regulated 5.1.3

The lack of pigment production of the AsaI-deficient strain was 

macroscopically visible and could be confirmed spectrophotometrically up to 

109 h of growth (late stationary phase). Pigment production of A. 

salmonicida subsp. achromogenes wt in contrast started in the early 

stationary phase after 70 h of growth. Again, the phenotype of a pigment 

producing bacterial strain could be restored by addition of the autoinducer to 

the AsaI-deficient strain (Paper I).  

In a collection of atypical A. salmonicida strains, a correlation between 

impaired production of a brown pigment and lack of AHL’s has been 

reported (Rasch et al. 2007), which is in accordance with the findings 

presented in this thesis. In the same study 31 typical strains were also 
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studied and they were all found to produce AHL signals and a brown 

pigment. Thus, it can be hypothesised that the subspecies name 

achromogenes, which means lacking pigmentation, originates from the 

findings of a quorum sensing negative strain. 

Pigment produced by A. salmonicida has been described as a melanin 

like pigment (Shieh and Maclean 1974). Pigments can directly contribute to 

bacterial virulence by being cytotoxic or pro-inflammatory (Liu and Nizet 

2009) and melanin like pigments have been associated with virulence in 

several bacteria (Casadevall and Pirofski 2009). However, quorum sensing 

regulated pigment production of Vibrio anguillarum is not directly connected 

to the bacterial virulence (Croxatto et al. 2002). Moreover, for A. salmonicida 

the impact of pigment in virulence is questionable, since strains of both A. 

salmonicida subsp. achromogenes and A. salmonicida subsp. salmonicida 

lacking pigment production have been isolated from diseased fish and found 

to be virulent in experimental challenges (Wiklund et al. 1993; 

Gunnlaugsdottir and Gudmundsdottir 1997). 

 

 Virulence and cytotoxic activity of A. salmonicida subsp. 5.1.4
achromogenes is quorum sensing regulated 

The challenge experiment in Arctic charr revealed, that virulence of the AsaI-

deficient mutant was significantly impaired in vivo. Further, cytotoxicity was 

reduced in vitro. Reduced virulence properties can be explained by the 

results of the in vitro analysis showing that expression of AsaP1 is quorum 

sensing regulated, since virulence of the AsaI-deficient mutant is comparable 

to the AsaP1-deficient strain (Arnadottir et al. 2009). The observed reduction 

of cytotoxicity cannot be explained by the lack of AsaP1 production, since 

AsaP1 has previously been shown to be non-cytotoxic, but the presence of a 

cytotoxic factor(s) in the ECP of the bacterium has previously been detected. 

The cytotoxic factor(s) of A. salmonicida subsp. achromogenes does not 

bind antibodies against the cytolytic (GCAT) of the typical reference strain 

(NCIMB 1102) (Gudmundsdottir et al. 1990; Gunnlaugsdottir and 

Gudmundsdottir 1997; Gudmundsdottir et al. 2003). The only available data 

regarding the cytotoxic activity of A. salmonicida subsp. achromogenes is 

that a protein in the ECP of strain Keldur265-87 was identified by MALDI-

TOF mass spectrometry analysis as a RTX (Gudmundsdottir, BK, 

unpublished). The RTX toxin family is a group of cytotoxins produced by 

Gram negative bacteria and there are over 1000 known members with a 

variety of functions (Lally et al. 1999). 
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 Methodological considerations 5.1.5

The effect of the quorum sensing system knock-out has been studied in vitro 

and in vivo. The lack of the bacterial cell to cell communication system had 

no influence on growth, as long as bacterial cultures were started at a cell 

density of 10
4
 CFU/ ml or higher. However, growth of the AsaI-deficient 

strain was impaired compared to its isogenic wt strain starting at 10
3
 

CFU/ml. Therefore the challenge experiment in Artic charr was performed 

with 10
4
 CFU/ ml or higher, to ensure that detected differences in virulence 

are due to a different availability of virulence factors rather than impaired 

growth of the mutant. 

Analysis of secreted factors such as AsaP1, cytotoxic factors and 

pigment has its limitations in a study analysing regulation pathways. It can 

only be stated, that quorum sensing regulates the presence of the named 

factors, but it remains unexplored weather it is the transcription of the genes 

or rather the translation that is regulated. An interesting follow-up study 

would be to compare the transcriptoms of the AsaI-deficient strain and the wt 

strain.  

 

 

5.2 The AsaP1-deficient A. salmonicida subsp. 
achromogenes strain triggered a different immune 
response in Arctic charr compared to the isogenic wt 
strain (Paper II)  

A broad study was conducted in order to get an overview of the innate and 

adaptive immune responses in Arctic charr during infection with A. 

salmonicida subsp. achromogenes and the impact of the toxic AsaP1 

enzyme in development of the immune response. The study revealed 

significant differences in the early innate immune response of Arctic charr 

infected with the wt and the AsaP1-deficient strains, respectively. The initial 

innate response was followed by a Th2 driven adaptive immune response 

resulting in B-cell activation in fish infected with the wt and the mutant strain. 
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 Experimental infection of Arctic charr 5.2.1

Arctic charr were injected i.p. with statistically comparable amounts of A. 

salmonicida subsp. achromogenes wt and AsaP1-deficient strains. The 

strains have been shown to grow comparably (Arnadottir et al. 2009). 

Infection was confirmed by bacterial re-isolation of the respective bacterium 

from head-kidney. Re-isolation of the wt strain was detected earlier and 

more fish per group were positive, compared to observations from fish 

infected with the AsaP1-deficient strain. This is in accordance to previous 

results (Arnadottir et al. 2009).  

In this study the infection rate of Arctic charr with the AsaP1-deficient 

mutant and the wt strain was generally low and found to be reflected in mild 

clinical signs, low mortality and moderate colonisation of organs. Bacterial 

colonies could be found in the capsule of spleen, which can be explained by 

the route of infection. Bacteria in blood vessels were found sporadic, 

showing a low level of bacteraemia. The low infection rate was used to 

analyse differences in the expression of immune parameters, without risking 

a collapse of the immune system caused by massive bacterial infection. In a 

previous study (Arnadottir et al. 2009) infection with the AsaP1-deficient 

strain resulted in massive colonization in several organs of Atlantic salmon. 

This study did not reveal increased colonization of organs in Arctic charr 

infected by the AsaP1-deficient mutant. This may be due to a different 

infection rate, but different fish species and different environmental 

conditions in the two experiments may also be involved. 

 

 Expression analysis of immune related genes of Arctic 5.2.2
charr 

In this study, earliest and highest regulation of immune gene expression was 

found in spleen, which is in accordance with previous studies, describing 

spleen as a major secondary lymphoid organ in teleost, where recruitment 

and activation of lymphocytes take place (Chaves-Pozo et al. 2005; Overturf 

and LaPatra 2006; Raida and Buchmann 2008). The head-kidney is another 

major secondary lymphoid organ in teleost. It is known to capture and 

eliminate bacterial pathogens and serves as a macrophage resource (Press 

and Evensen 1999). The spleen may, however, have been triggered more 

than the head-kidney, since this organ is located closer to the injection site. 

Therefore, it can only be speculated, whether expression of immune genes 

was regulated later in head-kidney or if cells have been recruited from 
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spleen to other organs. 

The expression of some immune genes (i.e., IL-1β, IL-10, CXCL-8, and 

CD83) was significantly affected in fish infected with the wt and the AsaP1-

deficient strain. However, the effect on the expression of these genes was 

less pronounced or later during course of the infection in fish infected with 

the AsaP1-deficient strain. In contrast, the expression of TNF-α, CC-

chemokine and CD8α, the surface marker of Tcyt-cells, was more affected in 

fish infected with the mutant strain. These differences may be an explanation 

for the lower re-isolation rate of the AsaP1-deficient strain found in the 

present and a previous study (Arnadottir et al. 2009). The fish infected with 

the AsaP1-deficient strain may have been better in clearing of the bacterial 

cells, as the lacking of AsaP1 triggered a different route of immunity in the 

fish.  

 

5.2.2.1 AsaP1-deletion triggers a different cytokine expression 
pattern  

The innate immune response, represented in the present study by pro-

inflammatory cytokines and chemokines, was the first defence mechanism 

activated in Arctic charr p.i. with A. salmonicida subsp. achromogenes. It 

was regulated over the whole, relatively short experimental period of 7 days.   

The two bacterial strains used for infection, differing in the presence of 

AsaP1, were found to trigger different innate immune responses.  

Fish infected with the wt strain showed an early significant up-regulation 

of IL1-β, followed by significant expression of the chemokine CXCL-8. 

Although infection with both bacterial strains induced a significant up-

regulation of CXCL-8, infection with the wt strain induced significantly higher 

expression of CXCL-8 than the AsaP1-deficient strain. CXCL-8 in fish has 

been reported to be chemotactic for neutrophils, comparable to mammalian 

CXCL-8 (Jimenez et al. 2006; Harun et al. 2008; Van der Aa et al. 2010). 

Up-regulation of CXCL-8 in Arctic charr detected in this study was rather 

late, 3 d p.i., compared to 8 h p.i., which is in accordance to results 

published for rainbow trout infected with Yersinia ruckeri (Raida and 

Buchmann 2008). 

The AsaP1-deficient strain triggered first a significant up-regulation of 

TNF-α (8 h post infection in spleen) followed by significant up-regulation of 

CC-chemokine (3 d p.i. in head-kidney). These findings could be explained 

by a possible down-regulating effect of AsaP1 on CC-chemokine. CC-
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chemokine primers were based on CC-chemokine genes of salmonids 

(CB503743) and channel catfish, Ictalurus punctatus L., (SCYA113), which 

both group phylogenetically with the CCL25 group,  described in humans as 

chemoattractant for monocytes/macrophages and belonging to the 

CCL19/21/25 group (Peatman and Liu 2007; Schmutz et al. 2010). However, 

the CC-chemokine encoded by the analysed gene of Arctic charr groups with 

the CCL-19 group (Gudmundsdottir BK et al., unpublished results), which is 

known to attract naïve lymphocytes to secondary lymphoid organs in 

mammals (Janeway et al. 2005). The significant up-regulation of CC-

chemokine 3 d p.i. in head-kidney in mutant infected fish is remarkable, 

especially since bacterial streak-out of all five fish sampled at that time-point 

was negative. Although, functions of chemokines are mainly unknown in 

teleost (Alejo and Tafalla 2011), findings of the present study lead to the 

assumption, that monocytes and macrophages were attracted by CC-

chemokine, supporting bacterial clearance shortly after infection.  

The cytokine IL-10 was significantly up-regulated in fish infected with 

either bacterial strain rather late in the experimental set-up (3 d p.i. with wt 

strain; 5 d p.i. with AsaP1-deficient strain) underlining the idea, that IL-10 

has anti-inflammatory function in fish (Raida and Buchmann 2008). Up-

regulation of IL-10 mainly detected in spleen in the present study 

corresponds with the significant down-regulation of CD8α in spleen. 

 

5.2.2.2 Adaptive immune response is Th2-cell driven 

The innate immune response was followed by a Th2 driven adaptive 

response in both infection models, as expected for a bacterial infection 

(Raida and Buchmann 2008). The Th2-cell response was indicated by IL-10 

up-regulation and manifested in B-cell recruitment, detected 

immunohistochemically by α-IgM antibodies in proliferated white pulp 

surrounding ellipsoids. However, detected IL-4/ 13 expression, known as Th2 

related cytokine (Takizawa et al. 2011), remained unchanged during the first 

7 days of infection and cannot support or discard this theory. 

Further, a down-regulation of the Th1 response was indicated by the up-

regulation of IL-10, functioning as direct suppressor of the Th1-cell response 

(Grutz 2005). This was also supported by the significant down-regulation of 

CD8α, cell marker for Tcyt-cells, in fish infected with the AsaP1-deficient 

strain. Furthermore, no significant effect was detected on the expression of 

IFN-γ that is known as Th1 response related cytokine (Robertsen 2006). 
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 Methodological considerations 5.2.3

To study gene expression by RT-qPCR is not a method that is easy to apply, 

since many parameters have to be considered to gain correct, comparable 

and statistically relevant data. However, as analytical methods on the cellular 

level are not yet available for many immune factors of fish, RT-qPCR 

provides an opportunity to analyse gene expression of several genes 

simultaneously.  

RT-qPCR has its limitations, as it is not possible to detect if higher mRNA 

levels of specific genes are due to higher transcription rates of the present 

set of immune cells or an increased number of immune cells. 

In the present study good care was taken to keep the overall number of 

experimental fish at minimum. This was done due to animal welfare as well 

as cost concerns. The number of 5 fish per infecting bacterial strain and 

time-point was used and found to be enough to analyse expression 

differences between groups with statistical methods.  

 

 

5.3 AsaP1-toxoid mutant based vaccine (Papers III and IV) 

Previous studies showed that AsaP1 is highly immunogenic and that 

protection of Atlantic salmon against atypical furunculosis is correlated with a 

specific immune response against the extracellular protease 

(Gudmundsdottir and Magnadottir 1997). An AsaP1 knock-out in A. 

salmonicida subsp. achromogenes results in impaired bacterial virulence 

and simultaneously massive bacterial colonization of organs in Atlantic 

salmon, indicating the important role of AsaP1 in triggering a host response 

(Arnadottir et al. 2009). AsaP1 can be inactivated by formalin and heat 

treatment, but the procedure is harsh and time consuming and it is not 

known if other antigens are affected. Furthermore, it could be shown that a 

vaccine based on a genetically generated diphtheria toxin is more efficient 

compared to the vaccine based on a chemically inactivated toxoid (Giannini 

et al. 1984; Robbins et al. 2005). These findings led to the assumption that a 

similar effect could be achieved with an AsaP1-toxoid. Therefore, four 

AsaP1-toxoids were successfully constructed and expressed recombinant in 

E. coli. The toxoids were nontoxic to fish, but retained immunogenic features 

of AsaP1 (Paper III). Subsequently, two A. salmonicida subsp. 

achromogenes mutants secreting AsaP1-toxoids were constructed and used 
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to produce a bacterin, which was found to induce good protection in Arctic 

charr against atypical furunculosis. This is the first reported bacterin, based 

on a genetically produced toxoid, found to protect fish against a challenge by 

a pathogenic bacterium.  

 

 Construction of four recombinant AsaP1-toxoids in E. coli 5.3.1
(Paper III) 

Four different toxoids of the extracellular metalloendopeptidase AsaP1 were 

successfully constructed by point mutations, resulting in a single amino acid 

exchange in the active site of the protease. The two exchanged amino acid 

residues, Glu294 and Tyr309, have been identified to be mandatory for the 

catalytic mechanism by comparison to other aspzincin peptidases described 

in the literature (Hooper 1994; Hori et al. 2001).  The mutants AsaP1E294A, 

AsaP1E294Q, and AsaP1Y309A, were caseinolytic inactive, whereas the mutant 

AsaP1Y309F showed reduced caseinolytic activity compared to recombinant 

AsaP1wt. The three inactive mutants were found to have the size of the 

unprocessed peptidase, 37 kDa. Only AsaP1Y309F was processed to the 

mature form of recombinant AsaP1 produced in E. coli, which has been 

shown to have the size of 22 kDa (Hvanndal 2003). Recombinant AsaP1 is 

caseinolytic active without prior activation by ZnCl2 or trypsin, as reported for 

pro-deuterolysin (Fushimi et al. 1999). In contrast, recombinant AsaP1wt is 

highly aggressive against the expressing E. coli strain, resulting in cell lysis 

starting 6 h after induction of AsaP1 expression (Paper III). 

All four mutants were found to be non-lethal in Arctic charr, despite a 

100-fold higher injection dose than LD50 for AsaP1wt. All AsaP1-toxoids could 

be recognized by polyclonal murine α-AsaP1 antibodies. Furthermore, 

antibodies raised in Arctic charr against the four AsaP1-toxoids specifically 

bind the AsaP1wt peptidase. These results confirm that all four generated 

AsaP1 mutants are true toxoids of the AsaP1 metalloendopeptidase. 

AsaP1E294A has been found to be the most potent immunogen. AsaP1Y309F is 

also highly immunogenic and the only toxoid with the same size as the 

mature AsaP1wt. 
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 Construction of two A. salmonicida subsp. achromogenes 5.3.2
AsaP1-toxoid mutant strains (Paper IV) 

Two A. salmonicida subsp. achromogenes AsaP1-toxoid mutant strains were 

constructed and their properties analysed in vitro and in vivo. 

Complementing mutants of the two toxoid mutants were generated and 

always analysed in parallel to confirm that mutant construction had no side 

effects. 

Secretion of both toxoids, AsaP1E294A and AsaP1Y309F, started in the late 

exponential phase of growth comparable to AsaP1wt. However, AsaP1E294A 

could be detected in the size of the pre-pro-peptidase of 37 kDa up to 72 h 

of growth. AsaP1Y309F in contrast, with reduced caseinolytic activity, was 

found processed to the mature size of 19 kDa, the size of the mature 

AsaP1wt (Arnadottir et al. 2009) and not 22 kDa, the size of recombinant 

AsaP1Y309F. These findings confirm the hypothesis postulated in paper III 

that AsaP1 processes autocatalytically.  

Virulence of both A. salmonicida subsp. achromogenes AsaP1-toxoid 

mutants was impaired in Arctic charr and comparable to the impaired 

virulence reported for the AsaP1-deficient strain (Arnadottir et al. 2009). 

 

 Bacterin based on A. salmonicida subsp. achromogenes 5.3.3
provides significant protection (Paper IV) 

The experimental bacterin based on A. salmonicida subsp. achromogenes 

AsaP1Y309F-toxoid, generated in the present study, has been found to protect 

Arctic charr significantly better than negative control groups of Arctic charr 

against atypical furunculosis. Protection by the monovalent experimental 

toxoid bacterin was comparable with the one provided by a polyvalent, 

commercial furunculosis vaccine. It is remarkable that the monovalent 

bacterin provides a comparable protection to the polyvalent vaccine, since 

several studies have shown that polyvalent fish vaccines have higher 

efficacies than monovalent ones (Gudding et al. 1997; Hoel et al. 1998).  

Both, recombinant AsaP1-toxoids, AsaP1E294A and AsaP1Y309F emulsified 

with FIA, had a comparable protective capacity in Arctic charr and protection 

was not significantly different compared to the adjuvant alone in the study 

published in paper IV. However, in paper III it was shown, that the antibody 

titre raised by AsaP1E294A was significantly higher compared to the titre 

raised by AsaP1Y309F. These findings lead to the assumption, that immune 

protection given by the AsaP1-toxoids is rather based on a cellular response, 
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compared to a specific B-cell mediated response. This hypothesis is 

supported by findings that rainbow trout is well protected by a live 

furunculosis vaccine, enhancing T-cell responsiveness (Marsden et al. 

1996). 

The A. salmonicida subsp. achromogenes AsaP1Y309F-toxoid strain was 

chosen for bacterin production rather than the AsaP1E294A-toxoid strain, due 

to the mature size of 19 kDa of the secreted AsaY309F-toxoid and that 

protection was equivalent between both toxoids, as well as both were shown 

to be nontoxic in Arctic charr in the study presented in paper III.  

Commercial furunculosis vaccines based on A. salmonicida subsp. 

salmonicida have been available since the early nineties and a monovalent, 

autogeneous vaccine based on an Icelandic A. salmonicida subsp. 

achromogenes strain (IB00, Alpharma) was commercially available in 

Iceland more than a decade ago. However, reported protection of IB00 in 

Atlantic salmon was not as good as given by a monovalent, experimental 

vaccine based on A. salmonicida subsp. achromogenes containing 

detoxified ECP with high AsaP1 concentrations. The commercial 

furunculosis vaccine Bioject 1500 based on a typical A. salmonicida strain 

has been found to cross protect against A. salmonicida subsp. 

achromogenes infection. However, protection was not as good as given by 

IB00 (Gudmundsdottir and Gudmundsdottir 1997). 

There are several studies reporting experimental vaccination with 

bacterins based on A. salmonicida subsp. achromogenes in several fish 

species, but studies on vaccination efficacies in Arctic charr have not been 

published previously (Gudmundsdottir and Bjornsdottir 2007; Lund et al. 

2008; Lund et al. 2008). Further, the approach to have a fish vaccine based 

on a genetically produced toxoid is completely new.  

The vaccination study also showed that the commercial furunculosis 

vaccine based on typical A. salmonicida ALPHAJECT5-3 protected Arctic 

charr well against atypical furunculosis, but there are no previous reports 

describing protection of vaccinated charr under experimental conditions.  
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 Methodological considerations 5.3.4

The application of site-directed mutagenesis, used in the present study to 

generate AsaP1-toxoid mutants, is a straight forward way to introduce 

distinct mutations in a recombinant protein. However, the recombinant 

expression of mutated proteins can be quite tricky, since a mutation can 

hinder the protein to fold correctly and then recombinant proteins can be 

found in insoluble inclusion bodies. The approach of the present study, to 

induce mutations into AsaP1 that do not interfere with the folding, but delete 

toxic-enzymatic activity, was successful. Recombinant production of AsaP1-

toxoids was even better than that of the AsaP1wt enzyme which can be 

explained by the finding that AsaP1wt was highly toxic to the expressing E. 

coli cells. High yields of the AsaP1-toxoid mutants made crystallisation and 

structure resolution of the protein possible (Bogdanović et al. 2009; 

Bogdanović 2012).    

Experimental vaccinations have their limitations and it is not certain that 

comparable results are obtained under laboratory and industrial aquaculture 

conditions. Antibody responses in fish are very variable and the immune 

response in general is dependent on several external factors (Magnadottir 

2010). Further, experimental vaccination trials aim to challenge fish when the 

antibody titre is highest, which does not always reflect field conditions. 

The i.p. challenge route, applied in the present study has the great 

advantage, that each fish is infected with the same, known amount of the 

bacterium at a known time-point. However, it is an artificial way of infection 

and leaves the mucosal immune response and natural first defence barrier of 

fish unstudied (Rombout et al. 2014). 

It is a challenge to plan and conduct several fish experiments with the 

same conditions, e.g., water temperature, season, light conditions, size of 

fish, and breed, to retain comparable results. The approach to use clonal fish 

would be an improvement, but will not eliminate difficulties in the control of 

environmental conditions. 

The need for a new vaccine strategy in the fish industry may be 

questioned, as commercial polyvalent vaccines, based on killed bacterial 

cells without the ECP, give acceptable protection against atypical 

furunculosis and are cheap in the production. Still, there is more research 

needed in the field of fish vaccinology, like improvement of adjuvants or the 

development of more successful vaccination strategies based on oral or bath 

vaccination against atypical furunculosis. 
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6 Concluding Remarks and Future Perspectives 

A. salmonicida subsp. achromogenes is the infecting agent of atypical 

furunculosis of fish in many countries and the main bacterium causing 

disease problems in Icelandic fish farming. Studies presented in the recent 

years have focused on taxonomic characterisation of the bacterium, 

description of pathogenicity properties and experimental vaccination of 

various fish species. The highly toxic metalloendopeptidase AsaP1 has been 

described as a major extracellular virulence factor and protection of Atlantic 

salmon has been found to correlate with an increased anti-AsaP1 antibody 

titre. An AsaP1-deficient strain has been constructed and shown to have 

impaired pathogenicity. This has led to the hypothesis that AsaP1 is involved 

in triggering the host immune defence and may therefore be a promising 

target for vaccine development. 

The results of this study add to our previous understanding of the 

pathogen and its interaction with Arctic charr during disease development 

with emphasis on the role of the AsaP1 peptidase.  New information 

regarding molecular mechanisms involved in the regulation of bacterial 

virulence and the host-pathogen interaction were gained and a new 

vaccination strategy involving the use of a mutant of the bacterium secreting 

an AsaP1-toxoid instead of the toxic AsaP1 peptidase was developed.  

Quorum sensing using the autoinducer C4-HSL produced by the 

autoinducer synthase AsaI was found to regulate the bacterial pathogenicity 

in fish and regulate the production of AsaP1, a cytotoxic factor(s) and a 

secreted pigment. Furthermore, AsaP1 production was significantly inhibited 

by AHL analogons in concentrations that did not affect bacterial growth. This 

makes this bacterium an interesting pathogen for further investigations on the 

involvement of quorum sensing in disease development and the possibility to 

use quorum sensing inhibitors for disease control. Furthermore, it would be 

highly interesting to conduct research concentrating on secretion pathways in 

A. salmonicida subsp. achromogenes and their regulation by quorum 

sensing. This could also lead to a closer insight into regulation of other 

virulence factors. The exact characterisation and analysis of the pigment 

function and its impact in the virulence would be another interesting field, 

which remains to be elucidated.   
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New information regarding innate and adaptive immune responses in 

Arctic charr was gained. A constitutive expression of a panel of immune 

related factors was observed and their regulation during infection with the wt 

strain and its isogenic AsaP1-deficient mutant was demonstrated. The results 

provide new insights in the impact of AsaP1 in triggering an immune 

response in Arctic charr.  Still, analysing 5 time points over a period of 7 

days, leaves several open questions. For example, what happened in 

between and after the sampling times. Infecting all fish i.p. with a certain 

number of bacterial cells leads to another question. How would the response 

develop with lower or higher infection rates, or in bath or cohabitation 

challenges. Moreover, the regulation on the protein and cellular level and 

which cell types express the detected cytokines and chemokines is still 

unclear. The presented study is the first study analysing molecular immune 

parameters in Arctic charr. A more detailed investigation of the immune 

response in Arctic charr in general and during bacterial infection is, however, 

needed.  

Construction of nontoxic and immunogenic AsaP1-toxoids by genetic 

engineering was successful. This work was the first milestone in the 

development of a fish vaccine based on a mutant secreting an AsaP1-toxoid. 

The second and the third milestone were the construction of A. salmonicida 

subsp. achromogenes mutant strains secreting an AsaP1-toxoid and the 

production of an experimental bacterin based on such mutant, which was 

found to give Arctic charr good protection against atypical furunculosis. This 

is a new approach in fish vaccinology, as there are no previous reports of fish 

vaccines containing a genetically constructed bacterial toxoid as an antigen. 

It would be interesting to investigate the protective capacity of the AsaP1-

toxoid strain in combination with other bacterial antigens in a polyvalent 

vaccine in further research. Furthermore, it would be interesting to analyse 

protection of the toxoid-vaccine induced in other fish species.  
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Quorum sensing in Aeromonas salmonicida subsp. achromogenes and
the effect of the autoinducer synthase AsaI on bacterial virulence
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1. Introduction

Quorum sensing (QS) is a cell–cell communication
system that enables bacteria to synchronize gene expres-
sion with population density. LuxIR-type QS via N-acyl-
homoserinelactones (AHLs) autoinducers are used by
many Gram-negative proteobacteria for intraspecies QS.
LuxI is the autoinducer synthase and LuxR is an AHL-
dependent transcriptional regulator. Pathogenic bacteria
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A B S T R A C T

The Gram-negative fish pathogenic bacterium Aeromonas salmonicida possesses the LuxIR-

type quorum sensing (QS) system, termed AsaIR. In this study the role of QS in A.

salmonicida subsp. achromogenes virulence and pigment production was investigated. Five

wild-type Asa strains induced the N-acyl-homoserinelactone (AHL) monitor bacteria.

HPLC–HR-MS analysis identified only one type of AHL, N-butanoyl-L-homoserine lactone

(C4-HSL). A knock out mutant of AsaI, constructed by allelic exchange, did not produce a

detectable QS signal and its virulence in fishwas significantly impaired, as LD50 of the AsaI-

deficient mutant was 20-fold higher than that of the isogenic wt strain and the mean day

to death of the mutant was significantly prolonged. Furthermore, the expression of two

virulence factors (a toxic protease, AsaP1, and a cytotoxic factor) and a brown pigment

were reduced in themutant. AsaP1 productionwas inhibited by synthetic QS inhibitors (N-

(propylsulfanylacetyl)-L-homoserine lactone; N-(pentylsulfanylacetyl)-L-homoserine lac-

tone; and N-(heptylsulfanylacetyl)-L-homoserine lactone) at concentrations that did not

affect bacterial growth.

It is a new finding that the AHL synthase of Aeromonas affects virulence in fish and QS

has not previously been associated with A. salmonicida infections in fish. Furthermore,

AsaP1 production has not previously been shown to be QS regulated. The simplicity of the

A. salmonicida subsp. achromogenes LuxIR-type QS system and the observation that

synthetic QSI can inhibit an important virulence factor, AsaP1, without affecting bacterial

growth, makes A. salmonicida subsp. achromogenes an interesting target organism to study

the effects of QS in disease development and QSI in disease control.
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often possess one or more QS pathways (Dobretsov et al.,
2009).

There are data showing that luxRI homologs are
universally present in the genus Aeromonas (Jangid
et al., 2007). Aeromonas salmonicida is a fish pathogen
that causes furunculosis and related diseases worldwide
(Wiklund and Dalsgaard, 1998). The species is divided into
five subspecies: subsp. salmonicida, subsp. achromogenes,

subsp. masoucida, subsp. smithia and subsp. pectinolytica.
(Holt et al., 1994; Pavan et al., 2000) A. salmonicida subsp.
salmonicida causes typical furunculosis of salmonid fish,
while the A. salmonicida subsp. achromogenes strains cause
atypical furunculosis of various fish species (Gudmunds-
dottir and Bjornsdottir, 2007). Aeromonas hydrophila is a
related species that has a broad host range and infects both
aquatic and terrestrial animals (Seshadri et al., 2006). The
LuxIR-type like QS systems in A. salmonicida and A.

hydrophila are termed AsaIR and AhyIR, respectively (Swift
et al., 1997). N-butanoyl-L-homoserine lactone (C4-HSL) is
the main AHL molecule produced by both bacteria, but A.
salmonicida subsp. salmonicida also produce three addi-
tional AHLs, i.e. N-decanoyl-L-homoserine lactone (C10-
HSL), N-hexanoyl-L-homoserine lactone (C6-HSL) and N-3-
oxo-hexanoyl-L-homoserine lactone (3-oxo-C6-HSL)
(Swift et al., 1997).

A group of A. salmonicida subsp. achromogenes strains,
including type strains, secrete an aspzincin metallopro-
tease, AsaP1, which is highly lethal toxic for both fish and
mouse (Gudmundsdottir et al., 1990; Gudmundsdottir and
Gudmundsdottir, 2001; Arnadottir et al., 2009).

An AsaP1-deficient mutant has decreased virulence,
both in Atlantic salmon and Atlantic cod (Arnadottir et al.,
2009). These strains also secrete a cytotoxic factor(s)
(Gudmundsdottir et al., 1990; Gudmundsdottir and
Gudmundsdottir, 2001) and a brown water-diffusible
pigment (Gudmundsdottir et al., 2003b).

The aim of this research was to investigate the QS
system of A. salmonicida subsp. achromogenes and its

relation to bacterial phenotypes and virulence in Arctic
charr (Salvelinus alpinus L.).

2. Materials and methods

2.1. Bacterial strains, plasmids and growth conditions

All bacterial strains and plasmids used in mutant
construction, AHL detection and growth and challenge
experiments are described in Table 1. Growthmediumwas
supplemented with 1.5% (w/v) agar (Difco) when appro-
priate. Bacterial concentrations were determined by
plating and counting of colony forming units (CFU)/ml.
All cultures and samples were stored at �80 8C until used.

The A. salmonicida subsp. achromogenes strains used in
this study were isolated from the head–kidney of diseased
fish by cultivation on blood agar. Authenticity and purity of
the isolates were established by examination of Gram-
stained smears and by whole cell granular pattern
agglutination tests, using the MONO-As kit (BIONOR AS,
Skien,Norway). The strains usedhavebeencharacterizedby
various typing methods and found to group with type
strains for A. salmonicida subsp. achromogenes. The typing
methods include standard bacteriological tests, profile of
secreted enzymes and AFLP-fingerprinting (Dalsgaard et al.,
1998; Gudmundsdottir et al., 2003a; Lund et al., 2002).

A. salmonicida subsp. achromogenes, strains Keldur265-
87, F47-97, F19-99 and F106-02, were isolated from fish
suffering from atypical furunculosis in our laboratory
(Table 1). The strains were routinely cultured on 5% horse
blood agar (blood agar base, Oxoid) (BA). Culture was
performed at 16 8C. Liquid cultures were grown in brain
heart infusion (BHI, BD) broth with agitation (200 rpm)
inoculated to an initial cell density of 103–104 CFU/ml from
static overnight cultures.

Growth kinetics of the A. salmonicida subsp. achromo-

genes strains was done in three parallel broth cultures and
all samples were then analysed in triplicates. Samples

Table 1

Bacterial strains and plasmids used in this study.

Strain or plasmid Properties Source or reference

Strains

A. salmonicida subsp. achromogenes

Keldur265-87 Isolate from diseased Atlantic salmon (Salmo salar) (Gudmundsdottir et al., 1990)

Keldur265-87-2 DasaP1::kan derived from 265-87 (Arnadottir et al., 2009)

Keldur265-87-3 DasaI::kan derived from 265-87 This study

F19-99 From diseased Atlantic cod (Gadus morhua) (Bjornsdottir et al., 2005)

F47-97 From diseased Arctic charr (Salvelinus alpinus) This study

F106-02 From diseased Atlantic halibut (Hippoglossus hippoglossus) (Gudmundsdottir et al., 2003b)

NCMB1110T From diseased Brown trout (Salmo trutta) Type strain

E. coli

TOP10 F- mcrA D(mrr-hsdRMS-mcrBC) F80lacZDM15DlacX74recA1

araD139 D(ara-leu)7697 galU galK rpsL (StrR)

endA1 nupG

Invitrogen

S17.1 thi pro hsdR hsdM+ recA [RP4 2-Tc::Mu-Km::Tn7

(TprSmr)Tra+] Mobilizing donor for conjugation

(Simon et al., 1983)

C. violaceum, CV026 AHL-Monitorbacteria, AHL receptor CviR (McClean et al., 1997)

A. tumefaciens,pZLR4 AHL-Monitorbacteria, AHL receptor TraR (Cha et al., 1998)

Plasmids

pCR1II-TOPO1 Cloning vector for TOPO TA cloning1 Invitrogen

pSUP202sac Mobilizable suicide vector, SucS (Mob+sacRB+Tetr) (Vipond et al., 1998)

pSSVI186-IN KmR determinant from Tn903 (Viret, 1993)

NCMB, National Collection of Industrial and Marine Bacteria, Aberdeen, Scotland.
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(2ml) were taken at different time points. Cell density was
monitored by determining CFU/ml.

Extracellular products (ECP) were isolated by collecting
supernatants from bacterial cultures following centrifuga-
tion (10,000� g for 15min at 4 8C) and sterile filtering
(Whatman, 0.45mm), using either liquid cultures (BHI
broth) at different time of growth (B-ECP) or samples from
72 h cultures on cellophane (TOPIPLAST) covered BHI agar
plates washed off the plate with 0.5ml of phosphate-
buffered saline (PBS) (C-ECP) (Gudmundsdottir et al.,
2003a). C-ECP was produced in order to obtain more
concentrated ECP samples.

Protein concentration of ECP was measured using a
Bradford protein assay kit (Coomassie Plus, Pierce) and
bovine serum albumin (Sigma) for plotting a standard
curve. Absorbance was measured at 590 nm and each
sample measured in triplicate.

E. coli strains were grown in LB media, using 0.5% NaCl
(LB5) at 37 8C.

When required for the selection and maintenance of
recombinant plasmids, antibiotics (Sigma) were added to
the culture media at the following final concentrations:
ampicillin (100mg/ml); tetracycline (25mg/ml); cepha-
lothin (200mg/ml); gentamicin (20mg/ml); and kanamy-
cin (50mg/ml for Aeromonas and 20mg/ml for monitor
bacteria).

Agrobacterium tumefaciens, strain NT1 with pZLR4 (Cha
et al., 1998) and Chromobacterium violaceum, strain CV026
(McClean et al., 1997), grown at 25 8C, were used to
monitor production of AHLs. A. tumefaciens was grown in
AB medium (Clark and Maaløe, 1967) supplemented with
2.5mg/l thiamine (Sigma), 0.5% (w/w) casamino acids
(Sigma), 0.5% (w/w) glucose (Sigma) and 20mg/ml
gentamicin. C. violaceum was grown in LB5 supplemented
with 20mg/ml kanamycin.

2.2. Detection of AHLs activity produced by A. salmonicida

subsp. achromogenes

AHLs in B-ECPs and C-ECPs were detected using A.

tumefaciens (5) and C. violaceum (5, 17) in a well-diffusion
assay (22). The plates were incubated for 48 h at 25 8C and
the diameter of pigment production by themonitor strains
measured. The C4-HSL concentration of samples was

determined according to a standard curve obtained, using
known concentrations of synthetic C4-HSL (Fluka serial
#9945; Sigma).

2.3. Characterization of AHLs with HPLC–HR-MS analysis

Three millilitre of C-ECP of strain Keldur-265-87 were
acidifiedwith 0.5% formic acid until dissolved. The extracts
were then evaporated to dryness under N2-flow, redis-
solved in 1ml acidified ethyl acetate, transferred to a glass
vial and stored at�80 8C. Extracts were analysed by HPLC–
HR-MS, as previously described (Bruhn et al., 2005).
Shortly, 300ml ethyl acetate extract was evaporated using
an N2-flow and redissolved in 100ml acetonitrile water
containing 1% formic acid and filtered. Twomicrolitrewere
injected and separated on a Luna C18 II column (Phenom-
enex), using an acetonitrile water gradient system and
detected by positive electrospray (ESI+)-HPLC–HR-MS on a
LCT orthogonal Time of Flight mass spectrometer (LCT-
ToF-MS) (Water-Micromass).

2.4. Construction of aDasaI mutant of A. salmonicida subsp.

achromogenes

All plasmids used are listed in Table 1. Degenerate
primers, listed in Table 2, were designed for PCR
amplification of a sequence from asaI, the gene that
encodes AsaI of A. salmonicida subsp. salmonicida (GenBank
U65741), and the sequence of the kan gene on the plasmid
pSSVI186- (Throup et al., 1995). The asaI gene and its
flanking regions were isolated using the PstI-f1 and PstI-r1
primers. The isolated fragment was cloned into pCR1II-
TOPO1, sequenced and used for further construction of the
mutant and for initial sequencing of the asaI gene of A.

salmonicida subsp. achromogenes, using asaI-wt-f/asaI-wt-r
and PstI-f1/PstI-r1 primers.

The DasaI mutant of A. salmonicida subsp. achromo-

genes,strain Keldur265-87-3was constructed by splicing of
overlapping extensions (soe) PCR (Ho et al., 1989), and
following allelic exchange. Thus, the two flanking sites of
the asaI gene were amplified using PstI-f2/5-soe-r and 3-
soe-f/PstI-r2 primers, respectively. The soe-primers have a
20 bp overhang complementary to the kan-gene. The soe-
kan-f and soe-kan-r primers, used to amplify the kan gene

Table 2

Oligonucleotide primers and their application in this study.

Primers Sequence Application

PstI-f1 50-AAAACTGCAGCCAGCAGCAGATCGCTTGAC-30 Isolation of asaI with flanking sites

PstI-r1 50-AAAACTGCAGGGTTCGTCGGGCGCGATCTC-30 out of the A. salmonicida supsp. achromogenes genome

Pst1-r2 50-AAAACTGCAGAGTGGGCCAGCAGCTTTTG-30 Amplification of the 50- and -30

PstI-f2 50-AAAACTGCAGGGCGGTGATGAACGACAGTATG-30 flanking site of asaI as

3-soe-f 50-ATGAGTTTTTCTAATCAGACGCCACATAAAAAAATCCCG-30 template for soe-PCR

5-soe-r 50-CCCGTTGAATATGGCTCATTCAGATGTCTCCATTTCAGTGTTCG-30

soe-kan-f 50-CTGAAATGGAGACATCTGAATGAGCCATATTCAACGGGAAACG-30 Amplification of the kan

soe-kan-r 50-GGATTTTTTTATGTGGCGTCTGATTAGAAAAACTCATCGAGCATCAA-30 gene for soe-PCR

kan-f 50-GGTCAGACTAAACTGGCTGACGG-30 Screening

kan-r 50-GTATCGGTCTGCGATTCCGAC-30

asaI-wt-f 50-GGTCTTGGTTCATATGCTAGCC-30 Sequencing

asaI-wt-r 50-GGTGGAAACGGGCCATAGC-30

J. Schwenteit et al. / Veterinary Microbiology 147 (2011) 389–397 391



from the plasmid pSSVI186-IN, have a 20 bp overhang
complementary to the 50-flanking site and the 30-flanking
site of the asaI gene, respectively. The three resulting DNA
fragments were used as templates for the final soe-PCR,
using PstI-f2/PstI-r2 primers, resulting in an asaI::kan

construct. The construct was TOPO1 cloned and the
colonies screened by PCR using the kan-f/kan-r primers.
Colonies giving a PCR product of the expected size (a 472 nt
fragment of a 624 bp gene) were picked and the correct
construct confirmed by sequencing.

The construct was cloned into the suicide vector
pSUP202sac containing the sacB gene. Expression of this
gene is lethal forGram-negativebacteria and canbe induced
by sucrose (Milton et al., 1996). The vector was then
transformed into E. coli S17.1 and conjugated into strain
Keldur265-87 by mating (Simon et al., 1983). Nine ml of
Keldur265-87cell culture in the end log-phase and1mlofE.
coli S17.1 were pelleted and both pellets resuspended in
50ml BHI and spotted on a BHI agar and mating performed
at room temperature for 24 h. The cells were then solved in
500ml BHI and selection of transconjugants performed on
BHI agar supplemented with cephalothin and kanamycin
(50mg/ml). Selection of double-crossover DasaI negative
mutants was performed by cultivation on BHI agar
supplemented with cephalothin, kanamycin (50mg/ml)
and sucrose (15%, w/v) at 16 8C for 7 days. Cephalothin was
used to select against E. coli and for Aeromonas. The
successful exchange of the asaI gene with the asaI::kan

construct was selected by sucrose and kanamycin. The
resulting colonies were screened by PCR using the kan-f/
kan-r primers and deletion of asaI was confirmed by
sequencing.

2.5. DNA sequencing and sequence analysis

DNA sequencing was performed at Matis, ohf using an
ABI 3730 genetic analyser (Applied Biosystems). Sequence
editing and alignment was performed using Sequencher
4.8 (Gene Codes Corporation).

2.6. Detection of pigment and protease production

Pigment and protease concentrationsweremeasured in
B-ECPs obtained from three separate growth kinetics
experiments. Pigment production of A. salmonicida subsp.
achromogenes strains Keldur265-87, and Keldur265-87-3
was monitored spectrophotometically (A405) (Kastbjerg
et al., 2007), using BHI as a control.

Caseinolytic activity of strains Keldur265-87 and
Keldur265-87-2 was detected by a spectrophotometric
(A450) azocasein assay (Gudmundsdottir et al., 2003a),
using the AsaP1-deficient mutant strain, Keldur265-87-2,
and PBS as controls.

AsaP1 protease was detected byWestern blotting using
polyclonal mouse a-AsaP1 antibodies (prepared at our
laboratory) as a probe (Gudmundsdottir et al., 2003a).

2.7. Cytotoxic effect

Confluent cell monolayers of a cultured Epithelioma

papulosum cyprini (EPC) cell line (passage 251) were

prepared in 96 wells flat bottom microtiter plates as
previously described (Bjornsdottir et al., 2009). After
culturing for 2 days, cells were washed twice with serum
free medium and incubated with C-ECP diluted 1:20 (v/v)
in the medium at 16 8C for 48 h. Cytotoxicity was
determined by observing cell culture microscopically
and by percent cell mortality by measuring the release
of lactate dehydrogenase in EPC cell culture supernatant
via a cytotoxicity detection kit (LDH, Roche, Basel,
Switzerland). The assay was performed in triplicate
according to the manufacturer’s instructions.

2.8. Experimental fish and challenge experiments

Arctic charr (38� 6 g SD) free of infections, according to
standard routine diagnostic procedures performed at the
Icelandic Fish-Disease Reference Laboratory, were used for
challenge. Fish were kept in 70 l tanks supplied with
continuously running fresh water at 9� 1 8C. Oxygen con-
centration, temperature and mortality in each tank were
monitored daily throughout the experiments. Prior to treat-
ment, the fish were anaesthetized with tricaine methane
sulfonate (50mg/l) and marked with Alcian blue dye. A.

salmonicida subsp. achromogenes, strain Keldur265-87, and its
isogenicDasaI mutant, Keldur265-87-3, were passaged three
times inArctic charr before their use in challenge experiments.
Challenges were performed by i.p. injection of 103–108 CFU/
fish from liquid cultures. Control fish received PBS only. Ten
fish were in each injection group. The head–kidney from all
dead and surviving fish were sampled, inoculated onto blood
agar and incubated for seven days at 16 8C. A. salmonicida

subsp. achromogenes isolated from dead fish was identified
serologically using MONO-As kit (BIONOR AS) and the DasaI

mutant and wt strains were recognised by cultivation on BHI
agar with or without kanamycin, respectively, and confirmed
by PCR, using the kan-f/kan-r primers.

Fish experiments were approved and performed
according to the Icelandic Animal Research Authority
(approval no. YDL03080041/023BE).

2.9. Complementation of AHL production of the DasaI

mutant

Strain Keldur265-87, and its isogenic DasaI mutant,
Keldur265-87-3, were cultivated for 72 h in broth. The
DasaI mutant was cultivated with the addition of 0.1mM
or 1mM of C4-HSL to the culture medium before
inoculation and also in media without AHL supplementa-
tion. Three independent cultures were obtained from each
of the four experimental groups. Caseinolytic activity and
pigment production was monitored in the B-ECP of the
respective cultures, as described above.

2.10. The effect of QS inhibitors (QSI) on growth and AsaP1

production

The QSI compounds N-(propylsulfanylacetyl)-L-homo-
serine lactone (ProS-AHL), N-(pentylsulfanylacetyl)-L-
homoserine lactone (PenS-AHL) and N-(heptylsulfanyla-
cetyl)-L-homoserine lactone (HepS-AHL) were used dis-
solved in dimethylsulfoxide (DMSO) (Persson et al., 2005).
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A. salmonicida subsp. achromogenes, strains Keldur265-
87(wt) and Keldur265-87-2 (AsaP1-deficient), were grown
in liquid cultures, as described above, with a starting cell
density of 1.5� 103 CFU/ml. The wt strain was grown with
or without addition of 10mM ProS-AHL, PenS-AHL and
HepS-AHL and 0.1% DMSO (solvent used as control). The
AsaP1-deficient mutant strain was grown without QSI
supplementation. Samples were taken at regular intervals
for determination of cell density and caseinolytic activity.

2.11. Calculations and statistical analysis

Three independent experiments were performed where
applicable and the samples then analysed in triplicates.
Students’s t test was used to analyse differences between
groups. Fisher’s exact test was used to analyse the
significance of differences in mortality between groups.
TheLD50wascalculatedaccordingto themethodofReedand
Muench (1937). Mean day to death (MDD) were calculated
using the following formula: MDD=

P
(m� d)/

P
m, where

m = number of mortalities; d = days post challenge
The threshold level for significance was 0.05.

2.12. Nucleotide sequence accession number

The nucleotide sequence of the asaI gene of strain
Keldur265-87 and its flanking regions has been deposited
in the GenBank nucleotide sequence database under
accession GU811648.2

3. Results

3.1. Detection of AHL in A. salmonicida subsp. achromogenes

Extracts from C-ECPs of all five strains induced zones
with similar size in both AHL monitors with the most
pronounced reaction in C. violaceum (Supplementary data
Table 1). N-butanoyl homoserine Lactone (C4-HSL) was the
only AHLmolecule detected in extracts of strain Keldur265-
87 by HPLC–HR-MS (Supplementary data Fig. 1). The
calculated C4-HSL concentration of B-ECP harvested from
a 100 h broth culture with a cell density of 8.2� 108

(�0.2� 108 SD) CFU/ml of strainKeldur265-87was0.260mM.

3.2. The amplified DNA fragment of strain Keldur265-87

encodes the AsaI AHL synthase and partial sequences of the

transcriptional regulator AsaR and replication inhibitor IciA

The sequenced DNA fragment amplified by primers
PstI-f1 and PstI-r1 was 1665 bp long (GU811648.2). The
asaI ORF of A. salmonicida subsp. achromogenes (frame +1
bases 511-1134) was 624 bp with 99% identity to that of
the asaI ORF of A. salmonicida subsp. salmonicida, A449
(GenBank U65741). The only base differences found were
silent nucleotide substitutions. The AsaI peptides of A.

salmonicida have 94% aa identity to those of the AhyI of A.
hydrophila (Seshadri et al., 2006). The sequence also
included 448 bases (frame -3 bases 1-448) encoding 149
aa from the N-terminal end of the 260 aa long transcrip-
tional activator AsaR with 97% aa identity to AsaR of
A. salmonicida subsp. salmonicida, A449 (GenBank

ABO91724). Furthermore, a sequence (frame +2, bases
1394-1664) encoded 90 aa that were 98% identical to the
N-terminal end of the 301 aa long oriC replication inhibitor
protein of strain 449 (GenBank ABO91722).

3.3. AsaI-deficient mutant does not produce AHL signals and

produces less extracellular proteins

An AsaI-deficient mutant, Keldur265-87-3, was suc-
cessfully constructed by soe-PCR and allelic exchange.
Sequencing of the asaIR locus of the mutant verified that
the whole asaI gene was replaced by the kanamycin
resistant gene and that the kanamycin resistant gene was
in framewith the upstream reverse asaR gene (frame -3). A
total number of 70 colonies were screened by PCR, using
the kan-f/kan-r primers and 5 positive clones tested for
AHL production by the monitor strain CV026, before
sequencing. None of the isolates induced the monitor
strain, indicating that they did not produce the AHL signal
molecule produced by its isogenic wt strain. One isolate
was selected and used for further analyses. The growth of
the AsaI-deficient mutant did not differ from that of the wt
strain in liquid cultures with initial cell density of 104 CFU/
ml (Fig. 1A). The growth of the mutant was, however,
delayed compared to thewt strain when the inoculumwas
�103 CFU/ml (data not shown). Furthermore, the growth
rate of the wt and the mutant strains on cellophane
covered agar plates was not different (p = 0.23780) (Table
4). Knock out of the asaI gene resulted in a complete lack of
AHL production (Fig. 1A) and the mutant secreted
significantly less proteins than the wt strain at all time
points tested in liquid cultures (data not shown) and also
on cellophane covered agar plates (Table 3).

3.4. AsaP1 production is QS regulated

The caseinolytic activity as detected spectrophotome-
trically (Fig. 1B) was paralleled by production of AsaP1 as
detected by Western blotting (Fig. 1C). AsaP1 production
was detectable in the B-ECP of the wt strain after 42 h
cultivation (4.5� 108 CFU� 7.2� 107 SD), but after 62 h
(5.4� 108 CFU� 5.3� 107 SD) in the B-ECP of the DasaI

mutant. After 204 h cultivation 5-fold higher caseinolytic
activity/108 CFU was detected in the B-ECP of the wt strain
compared to its isogenic AsaI-deficient mutant. Complemen-
tation of the culture medium of the AsaI-deficient mutant at
the start of incubation with 0.1 or 1mMof C4-HSL resulted in
increased caseinase production (Fig. 2A). The induction of
caseinolytic activity was positively associated with the C4-
HSL concentration. This indicates that AsaP1 is QS regulated.

3.5. Pigment production of A. salmonicida subsp.

achromogenes is QS regulated

AsshowninFig.1B, thewtstrainKeldur265-87produced
a pigment (dark brown) from about 72 h cultivation
(5.5� 108 CFU/ml), but pigment production of the AsaI-
deficient mutant (Keldur265-87-3), was detected after
109 h (5.5� 108 CFU/ml) and it produced significantly less
pigment during cultivation (p< 0.0001). After 204 h culti-
vation the cell density of the wt strain and the mutant was
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2.2� 108 and 2.8� 108 CFU/ml, respectively, but the
difference in A405 of the two respective cultures was 11-
fold. Complementation of the culture medium of the AsaI-
deficient mutant at the time of incubation with 0.1 or 1mM
of C4-HSL resulted in increased pigment production. The
induction of pigment production was positively associated
with the C4-HSL concentration (Fig. 2B). This indicates that
pigment production is QS regulated.

3.6. Cytotoxic effect of the AsaI-deficient mutant is impaired

C-ECP of the wt strain and the AsaI-deficient mutant
caused ruptures in the cell monolayer of the EPC cells after
48 h incubation, but a difference was not observed
between the two strains. Percent cell mortality measure

as the release of LDH in EPC cell culture supernatant is
shown in Table 3. Cell mortality induced by the AsaI-
deficient mutant was not different from that of the
negative control (p = 0.1680), but significantly less than
that of the wt strain (p = 0.0004).

3.7. The QS mutant has impaired virulence properties

Virulence of strains Keldur265-87 and Keldur265-87-3
in Arctic charr was compared in i.p. challenges. No
mortality occurred when the mutant was injected in
concentrations �104 CFU/fish, but 104 CFU/fish of the wt
strain caused 71% mortality and 103 CFU/fish induced 8%
mortality (Table 4).

The calculated LD50 of the wt strain was 20-fold higher
than that of the AsaI-deficient mutant, or 5� 103 CFU/fish
and 1� 105 CFU/fish, respectively.

Calculated MDDs were always higher when the fish
were injected with the mutant compared to the wt strain
(p< 0.05)

3.8. QSIs inhibit protease (AsaP1) production

The bacterial growth was neither affected by any of the
three QSIs in the concentrations used, nor the DMSO
solvent (Fig. 3A). Caseinolytic activity was not detected in
any sample from the AsaP1-deficient mutant (Keldur265-
87-2), indicating that the bacterium does not secrete

Fig. 1. Comparison of A. salmonicida subsp. achromogenes, Keldur265-87

(solid bars), and its isogenic DasaI mutant, Keldur265-87-3 (open bars).

Bacterial growth in BHI at 16 8C, measured in log10 CFU/ml (solid lines),

and AHL production measured as a zone induced by bacterial

extracellular products in a well-diffusion assay with the monitor

bacterium C. violaceum (dashed lines) (A). Production of caseinase

(solid lines) and a brown pigment (dashed lines) during growthmeasured

spectrophotometrically, A450 and A405, respectively (B). Immunostaining

of AsaP1 in the ECP with anti-AsaP1 antibodies during growth (C). The

error bars represent 1 standard deviation (n = 3).

Fig. 2. Spectrophotometrically measured caseinolytic activity/108 CFU (A)

and brown pigment/108 CFU (B) in B-ECPs after 240 h growth of A.

salmonicida subsp. achromogenes, Keldur265-87 (solid columns), and its

isogenic AsaI-deficient mutant, Keldur265-87-3 (open columns) cultures.

Initial cell densities of the cultures were 2–4� 104 CFU/ml. Response of

the AsaI-deficient mutant to C4-HSL (added to give 0, 0.1, or 1mM) in the

culture medium was monitored. The error bars represent 1 standard

deviation (n = 3).
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another caseinase at the experimental conditions. A
caseinase was produced from late exponential phase by
the wt strain (Keldur265-87). All three QSI compounds
inhibited production of AsaP1 significantly (p< 0.001), but
HepS-AHL was most effective, resulting in 1.7-fold
reduction of AsaP1 production. Addition of DMSO did
not affect caseinase production (Fig. 3B).

4. Discussion

A. salmonicida comprises the LuxIR-type QS system,
termed AsaIR, where AsaI is the autoinducer synthase and
AsaR the transcriptional regulator. The results of this study
show that QS of A. salmonicida subsp. achromogenes has
regulatory effects on virulence and pigment production, as
pigment production was significantly reduced and the
pathogenicity of an AsaI knock outmutant was impaired in

Table 4

Accumulated percent mortality (mortality %) and mean day of death

(MDD) of Arctic charr following i.p. injection of A. salmonicida subsp.

achromogenes strain Keldur265-87 and its isogenic AsaI-deficient mutant

Keldur265-87-3 (n = 10).

wt Keldur265-87 DasaI mutant

Keldur265-87-3

CFU/fish Mortality % MDD Mortality % MDD

108 100 3.3 100 5.1

107 100 4.4 92 6.9

106 100 6.5 88 9.0

105 85 8.6 46 11.7

104 71 9.7 0 –

103 8 14.0 0 –

Table 3

Growth on cellophane covered agar plates (CFU/ml); protein concentration in supernatants obtained from cell cultures (C-ECP); and percent cell death in

Epithelioma papulosum cyprini (EPC) cells treated for 48 h with C-ECPs of A. salmonicida subsp. achromogenes, Keldur265-87, or its isogenic AsaI-deficient

mutant, Keldur265-87-3. All values are given inmeans (�SD) (n = 3). An asterisk (*) signifies a significant difference of the AsaI-deficientmutant compared to its

isogenic wt strain (p< 0.05).

Strain CFU/ml C-ECP Cytotoxicity (%)

mg protein/108 cells mg protein/ml

Keldur265-87 (wt) 1.8� 109 (�6.3� 108) 14 (�3.0) 50 (�3.0) 11.1 (�1.3)

Keldur265-87-3 (DasaI) 1.3�109 (�1.1� 108) 3 (�0.4)* 6 (�0.5)* 5.3 (�0.8)*

Fig. 3. The effect of the QSI compounds ProS-AHL, PenS-AHL and HepS-AHL and the solvent DMSO on growth of A. salmonicida subsp. achromogenes, strain

Keldur265-87, and its AsaP1-deficient mutant, Keldur265-87-2, in BHI at 16 8C (A) and on caseinolytic activity of the respective ECP’s, monitored by an azo-

casein assay (B). The error bars represent 1 standard deviation (n = 3).
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Arctic charr. The LuxIR-like QS system of the bacterium
was found to be simple, as only one type of acylated
homoserine lactones (C4-HSL) was produced. Further-
more, QSIs, which compete with autoinducers for binding
to AsaR, were found to inhibit the expression of an
important virulence factor, AsaP1.

The main AHL produced by Aeromonas bacteria, C4-HSL,
was the only AHL synthesized by strain Keldur265-87, as
detected by HPLC–HR-MS analyses. All five A. salmonicida

subsp. achromogenes strains, including the type strain
(NCIMB 1110), tested in the present study induced zones
of similar size in a reactionwith the twomonitor bacteria, C.
violaceum and A. tumefaciens, indicating a similar AHL
production, but AHL characterization by HPLC–HR-MS
analysis was only performed on strain Keldur265-87. In a
previous study (Bruhn et al., 2005) fiveA. salmonicida subsp.
achromogenes isolates, originating from diseased fish in
Scotland, Iceland, Denmark and Norway, were all found to
be QS negative. Furtheremore, one type strain of A.

salmonicida subsp. achromogenes (NCIMB 1110) produced
C6-HSL in addition to C4-HSL, but a type strain of the
subspecies froma different culture collectionwith the same
origin (ATCC 19261) did not induce either of the AHL
monitor bacteria (Bruhn et al., 2005). This indicates that the
bacterium may loose the ability to produce AHL and also
that strains classified as A. salmonicida subsp. achromogenes

are heterogenic with respect to AHL production.
The deduced aa sequence of the AsaI peptide of A.

salmonicida subsp. achromogenes was identical to that of
the previously described AsaI peptide of A. salmonicida

subsp. salmonicida (Swift et al., 1997).
A knock out mutant of AsaI was established by

replacing the asaI genewith a kanamycin resistant marker.
To minimize any polar effects the resistant gene was set in
frame with the upstream asaR gene. Autoinducer produc-
tionwas completely knocked out in themutant. Previously
it has been shown that a knock out of both the ahyI and
ahyR genes of A. hydrophila, strain SSU, resulted in total lack
of AHL production (Khajanchi et al., 2009), but it is a new
finding that knock out of asaI alone has this effect.

The AsaI mutation had a significant effect on the
pathogenicity of the A. salmonicida subsp. achromogenes

bacterium. The lowest bacterial doses injected in challenge
experiments were 104 CFU/ml (i.e. 103 CFU/fish) at which
level growth of the wt and mutant in vitro were identical.
The results therefore suggest that the decreased patho-
genicity of the AsaI-deficient mutant is due to difference in
availability of virulence factors rather than impaired
growth of the mutant. The production of total extracellular
proteins of the mutant was also impaired. QS regulation of
A. salmonicida subsp. achromogenes virulence was also
supported by results showing that the mutation lead to
reduced expression of a lethal toxic metalloprotease,
AsaP1, which is an important virulence factor (Arnadottir
et al., 2009), reduced secretion of a cytotoxic factor(s) and
reduced pigment production. Many virulence factors have
cytotoxic effects and pigments, especially melanin-like
pigments, have been associated with virulence in several
bacteria (Casadevall and Pirofski, 2009).

The findings of this study show that the AsaP1 exotoxin
is QS regulated. AsaP1 was detected in the late exponential

growth phase of the wt strain, but in the early stationary
phase of the AsaI-deficient mutant. After 204 h cultivation
in an experiment, where cell density of both strains was
comparable during growth, the wt strain produced 5-fold
more of the AsaP1 protease than the AsaI-deficientmutant.
Addition of 0.1 or 1mM C4-HSL to the culture medium of
the AsaI-deficient mutant resulted in increased AsaP1
expression that was dose dependent and the higher C4-
HSL dose completely restored proteolytic activity. Com-
plementation of the phenotype instead of the genotype
was chosen, as a replicating plasmid for A. salmonicidawas
not found, leaving in trans complementation complicated.

In a previous study QS regulation of a metalloprotease
of A. hydrophila, strain AH-1N, was reported. Strain AH-1N
is a spontaneous mutant of strain AH-1 that lacks the S-
layer and the O-11 antigen (Swift et al., 1997). Strain AH-1
secretes a metalloprotease, EprA1, which is 91% identical
to AsaP1 of A. salmonicida subsp. achromogenes (Chang
et al., 1997). There are no available reports on the effect of
the AhyI deletion on A. hydrophila pathogenicity or on
virulence function of the EprA1 protease, but deletion of
AhyR transcriptional regulator of A. hydrophila has been
found to affect bacterial pathogenesis and protease
production (Bi et al., 2007; Khajanchi et al., 2009).

Cultivation of the wt strain (Keldur265-87) with 3
different synthesised sulfide AHL analogues (ProS-AHL,
PenS-AHL and HepS-AHL), which bind the QS pathway by
competing with AHL molecules for specific binding to the
LuxR-type signal receptor (Persson et al., 2005), resulted in
significantly reduced expression of the AsaP1 protease. In
this study nt bases encoding 149 aa (57% of the whole
protein) from the N-terminal end of the asaR gene of strain
Keldur265-87 were sequenced and found to have high
similarity to the asaR sequence of A. salmonicida subsp.
salmonicida, 449. This indicates that strain Keldur265-87
possesses a functional AsaR signal receptor and is a further
support of the statement that AsaP1 is QS regulated.

HepS-AHLwas found to be themost effective compound
of the three tested in inhibiting AsaP1 expression. This is in
agreement with Persson et al. (2005), who found HepS-AHL
tobe themost potentQSI of the three thatwere tested in this
study. The QSI were not found to affect bacterial growth,
which makes it unlikely to pose a selective pressure for the
development of resistant mutants, if the compound will be
used as an antimicrobial agent.

Pigment production of the AsaI-deficient strain was
significantly impaired andwas not spectrophotometrically
detected until after 109 h cultivation (late stationary
phase). On the other hand pigment production of the wt
strain was spectrophotometrically detected after 70 h
cultivation (early stationary phase). The addition of C4-
HSL to the culture medium of the mutant resulted in
complementation of pigment production, showing that it
is QS regulated. The name of the A. salmonicida subsp.
achromogenes, meaning lacking colouring, may therefore
originate from an AsaI-deficient strain. QS regulation of A.
salmonicida pigment production has already been sug-
gested by Rasch et al. (2007), who observed that atypical A.
salmonicida strains lacking AHL signals are not producing a
brown pigment, which is characteristic for typical A.

salmonicida.
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The observation that AHL-mediated QS is involved in
virulence regulation of A. salmonicida subsp. achromogenes,

the simplicity of its LuxIR-type QS system, and the ability
of synthesized QSI to inhibit an important virulence factor
without affecting bacterial growth, makes A. salmonicida

subsp. achromogenes an interesting target organism for
further studies on the involvement of QS in disease and
disease control.
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a b s t r a c t

Aeromonas salmonicida subsp. achromogenes, the causative agent of atypical furunculosis in many fish
species, secretes the toxic metalloendopeptidase AsaP1. This study aimed to analyze innate and adaptive
immune parameters induced in Arctic charr (Salvelinus alpinus, L.) infected with wild type (wt)
A. salmonicida subsp. achromogenes and its isogenic asaP1 deletion mutant (AsaP1-deficient).

Head-kidney, liver and spleen were obtained from i.p. infected charr (wt, AsaP1-deficient), during a
time schedule of 7 d post infection. Reverse transcription quantitative real-time PCR (RT-qPCR) was
applied to study the expression of immune parameters: pro-inflammatory cytokines IL-1b and TNF-a;
anti-inflammatory cytokine IL-10; chemokines CXCL-8 (IL-8) and CC-chemokine; the cytokines IFN-g and
IL-4/13A as tracers for Th1 and Th2 immune responses, respectively; and the cell markers CD8a and CD83.
In addition, lymphoid organs were histopathologically examined at days 3 and 7 post infection, including
B (IgM) and T (CD3ε) cell staining.

The detected immune responses were initially driven by innate mechanisms represented by the up-
regulation of pro-inflammatory cytokines and chemokines and later on by adaptive Th2 related
responses cumulating in B-cell recruitment as shown by regulation of immune parameters in spleen and
head-kidney, with significant differences between mutant and wt infected fish. Histological sections
revealed IgM-positive cells around ellipsoid arterioles in spleen, while CD3ε positive cells were found
in clusters scattered all over the section. However, histopathological differences were only detected
between infected and non-infected fish, but not between AsaP1-deficient mutant and wt infected fish.

This work represents the first study on innate and adaptive immune responses of Arctic charr induced
by a bacterial infection.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Aeromonas salmonicida subsp. achromogenes is the causative
agent of atypical furunculosis, which has been reported inmany fish
species, including the salmonids Atlantic salmon (Salmo salar, L.),
Arctic charr (Salvelinus alpinus, L.), and rainbow trout (Oncorhynchus
mykiss, Walbaum) [1]. AsaP1, a metalloendopeptidase, represents
one of the major exotoxins of the bacterium. AsaP1 is regulated by
quorum sensing [2] and was found to be highly immunogenic [3]. In
a previous study the asaP1 knock-out mutant of A. salmonicida
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subsp. achromogenes (AsaP1-deficient) showed reduced virulence,
but still induced massive colonization of various organs of Atlantic
salmon resulting in organ failure and death [4].

Although aquaculture of Arctic charr is expanding there are still
no published studies available on the expression of immunologi-
cally relevant molecules of this species in response to infection.

In contrast, immune responses of other salmonids, i.e. rainbow
trout and Atlantic salmon, to infection have been characterized in
more detail due to the availability of appropriate tools [5e8]. These
include PCR primers and a few antibodies that can be used to study
mRNA and protein expressions of chemokines, pro-inflammatory
and anti-inflammatory cytokines, and of B and T cell markers
using RT-PCR, flow cytometry, histochemistry and immunohisto-
chemistry, respectively.

The aim of the present work was to study selected factors of the
innate and adaptive immune responses in Arctic charr during
infection with A. salmonicida subsp. achromogenes with a focus on
the role of the AsaP1 exotoxin.

2. Materials and methods

2.1. Bacterial strains and infection

Wild type (wt) A. salmonicida subsp. achromogenes, strain
Keldur265-87 [9] and its isogenic AsaP1-deficient mutant,
Keldur265-87-2, lacking the highly toxic extracellular protease
AsaP1 [4], were used for infection studies. Bacteria were routinely
grown in brain heart infusion broth (BHI) with agitation or on blood
agar (BA) plates at 16 �C.

Bacterial suspensions used for infection were prepared as
follows: A loop full of freshly grown bacteria that had previously
been passed three times in Arctic charr was suspended in 1.5 ml
phosphate buffered saline (PBS), incubated for 20 h at 16 �C on 3 BA
plates (0.5 ml per plate) and washed off using 0.5 ml PBS per plate.
A 10�4 bacterial dilution was used for challenge. Bacterial concen-
trations were determined as log10 colony forming units (CFU)/ml.

Successful infection of Arctic charr with A. salmonicida was
analyzed for each sampled fish by re-isolation of the bacterium
from head-kidney and was confirmed by whole cell granular
pattern agglutination test, using the MONO-As kit (BIONAR AS,
Skien, Norway).

2.2. Experimental fish and infection

Arctic charr fingerlings (47� 8 g) used for infectionwere kept in
70 l tanks supplied with continuously running fresh water at
9 � 1 �C. Oxygen level, water temperature and mortality were
monitored daily throughout the 7 days of the experiment. The fish
were free from infection before the experiment, according to
standard routine diagnostic procedures performed at the Icelandic
Fish-Disease Reference Laboratory.

Separately kept experimental groups of Arctic charr (61 fish
per experimentally infected group and 41 fish in the PBS control
group) were i.p. injected with 100 ml of the bacterial suspension
(wt: 3.3 � 105 � 0.9 � 105 CFU/fish; AsaP1-deficient mutant:
2.3 � 105 � 0.4 � 105 CFU/fish) or PBS for control. Prior to injection,
fish were anaesthetized with tricaine methane sulfonate (50 mg/l).

Fish experiments were approved and performed according to
the Icelandic Animal Research Authority (approval no. 1112-3201).

2.3. Sampling for reverse transcription quantitative real-time PCR
(RT-qPCR)

Small organ pieces from head-kidney, liver and spleen of five
randomly sampled fish per group and time point were sampled 0 h,

8 h,1 d, 3 d, 5 d and 7 d after injection and subsequently transferred
into the RNA preservative Ambion� RNAlater� (LifeTechnologies�,
Darmstadt, Germany) at an organ/liquid ratio of at least 1:10.
Samples were initially stored for 24 h at 4 �C and then transferred
to �20 �C.

2.4. Isolation of total RNA

Before extraction of total RNA organ pieces of 10e15 mg
were put into lysis buffer (MachereyeNagel, Düren, Germany),
homogenized using TissueLyserII and the resulting homogenates
were cleared by centrifugation at 21.000 � g for 5 min. RNA was
robot-extracted from the supernatants by Freedom EVO� (Tecan,
Crailsheim, Germany) using the NucleoSpin� 96 RNA Tissue kit
(MachereyeNagel), according to the manufacturer’s protocol;
elution volume was set proportional to the amount of organ,
initially used for extraction. Quality of isolated RNAs was moni-
tored by NanoDrop (ThermoScientific, Waltham, Massachusetts,
United States) measurements.

2.5. Selection of studied genes and primer design

Primers were designed using Primer3 software [10] and are
listed in Table 1.

Construction of primers amplifying the Arctic charr
CC-chemokine gene was based on a study of gene expression in the
head-kidney of Arctic charr infected by the wt strain (Keldur265-
87) or its isogenic AsaP1-deficient mutant, using microarray anal-
ysis and RT-qPCR (Gudmundsdottir, B.K.; Williams, J.; Rise, M.L.;
Bragason, B.T. and Brown, L., unpublished). The other primers used
were either previously published to amplify rainbow trout genes or
based on published rainbow trout gene sequences. The efficiency of
the corresponding RT-qPCR was adjusted for Arctic charr.

CT values were normalized to the 60S rRNA L36 gene of Arctic
charr, which was found to be the most stable housekeeping gene
out of four tested (Gudmundsdottir, B.K.; Williams, J.; Rise, M.L.;
Bragason, B.T. and Brown, L., unpublished).

2.6. Gene expression studies using RT-qPCR

Total RNA was applied as template for a one-step RT-qPCR
using the QuantiTect Probe RT-PCR Kit and a Mx3005P� QPCR
System (Stratagene, Agilent Technologies, La Jolla, California,
United States) to analyze the mRNA expression of interleukin (IL)-
1b, TNF-a, IFN-g, IL-4/13A, IL-10, CC-chemokine, CXCL-8, CD83, and
CD8a. Reverse transcription performed at 50 �C for 30 min was
stopped by heat inactivation of the corresponding enzyme for
15 min at 95 �C, to simultaneously activate the hot start Taq poly-
merase. For the subsequent PCR 42 cycles (15 s 94 �C, 30 s 57 �C,
30 s 76 �C) were applied. CT values were received and analyzed by
MXPro4 software (Stratagene, Agilent Technologies). RNA isolated
from the thymus of PBS injected fish served as a positive control in
RT-qPCR.

All RT-qPCR products were analyzed by 2% agarose gel and
FastRuler� Middle Range DNA-Ladder (Thermo Scientific) and
further sequenced (GATC Biotech, Konstanz, Germany).

2.7. Statistical analysis

Relative gene expression detected by RT-qPCR was calculated
using the 2�DDCT method [11]. CT values of each fish were normal-
ized to the corresponding CT values of the housekeeping gene (60S
rRNA L36), in order to gain a DCT value. Furthermore, 2�DDCT values
corresponding to the fold expression compared to untreated fish
at T0 were calculated for each individual. Data are presented as
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median of the relative expression in box plots (hinges 25e75%;
whiskers min to max). Statistical differences to the PBS group and
between fish injected with wt A. salmonicida subsp. achromogenes
and its isogenic AsaP1-deficient mutant, respectively, were
analyzed by ManneWhitney U-test. Medians of values recorded
from treated fish were statistically compared to the hypothetical
value of 1.0 (untreated fish) byWilcoxon signed-rank test. Unpaired
t-test was applied to analyze the differences between fish injected
with the wt strain and the AsaP1-deficient mutant.

2.8. Histological investigations of head-kidney, spleen and liver

For histological examination head-kidney, liver, and spleen
samples of three fish per sampling point (3 d and 7 d p.i.) were fixed
in 10% neutral-buffered formalin and embedded in paraffin wax.
Sections (4 mm) were prepared, stained by Giemsa or HE and
microscopically examined using a conventional light microscope
(Axioskop 2, Zeiss, Berlin, Germany).

For immunofluorescence analysis formalin fixed organs were
paraffin-embedded and cut at 2 mm. The sections were mounted
on positively charged glass slides (Superfrost�plus, ThermoFisher,
Waltham, Massachusetts, United States), and dried for at least 24 h
before de-waxing and rehydration. Epitopes were unmasked by
autoclaving in 0.01 M citrate buffer, pH 6.0 at 120 �C for 15 min.
Then sections were cooled down to room temperature and
transferred to PBS before blocking with 5% BSA in PBS for 20 min at
RT. All following washing steps were performed with Minimum
essential medium EAGLE: Hepes modification þ 10% fetal bovine
serum to provide an additional blocking effect. Part of the sections
were incubated with a rabbit anti-CD3ε serum [12] for 1 h at a
dilution of 1:100 while a rabbit pre-immune serum served as
negative control. Another part of the sections was stained with a
mouse anti-IgM monoclonal antibody (7C7, 1:100, 1 h; Wagner, U.,
unpublished). The primary antibody was washed off before
staining with the conjugated secondary antibody AlexaFluor488
labeled goat anti-rabbit IgG (Invitrogen�, LifeTechnologies�) or
AlexaFluor488 labeled F(ab00)2 fragments of goat anti-mouse IgG
(H þ L), respectively, both diluted 1:400 in medium for 40 min at
room temperature. A counter stain of cell nucleuses was applied by
mounting the sections with medium containing propidium iodide
(PI, SigmaeAldrich, St. Louis, Missouri, United States) and DABCO
(SigmaeAldrich) as an anti-fade reagent. Sections were finally
analyzed by an Axio ImagerM2 fluorescence microscope (Zeiss)
and Axio Vision Rel 4.8 software.

3. Results

3.1. Infection of Arctic charr with A. salmonicida strains and re-
isolation of bacteria

Arctic charr fingerlings were either infected with the wt strain or
its AsaP1-deficient mutant. The infection was monitored by bacte-
rial re-isolation from head-kidney (Table 2). While the wt strainwas
initially re-isolated 8 h post infection (p.i.) in one individual, the
AsaP1-deficient mutant bacterium was first detected 24 h p.i.
Furthermore, the bacteriumwas re-isolated from all wt infected fish
3 d and 7 d p.i., and 4 out of 5 fishwere positive on day 5. The AsaP1-
deficientmutant was initially re-isolated from one of five fish 5 d p.i.
and from three out of five fish 7 d p.i. All PBS injected control fish
remained free of infection throughout the sampling period.

Histological examinations revealed a few bacteria associatedwith
the capsule of organs in the peritoneal cavity, reflecting the i.p. way
of infection (data not shown). A few bacteria were also detected in
blood vessels of the liver in one of the three fish injected with thewt
strain at day 7 p.i. (data not shown), which indicates a bacteremia.Ta

b
le

1
A
p
p
lie

d
p
ri
m
er
e
p
ro
be

p
ai
rs

in
R
T-
qP

C
R
.

G
en

e
G
en

B
an

k
ac
ce
ss
io
n
n
o.

Ef
fi
ci
en

cy
(%
)

F-
p
ri
m
er

R
-p
ri
m
er

Pr
ob

e
(F
A
M
-T
A
M
R
A
)

Pr
od

u
ct

(b
p
)

So
u
rc
e

C
yt
ok

in
es

TN
F-
a
a

A
J2
78

08
5
an

d
A
J2
77

60
4

10
4.
4

C
C
A
G
G
C
TT

C
5(
G
T)
TT

TA
G
G
G
TC

A
A
G
T

C
G
A
TT

G
G
TC

TC
A
G
TC

C
A
C
A
G
TT

C
G
G
G
C
G
A
G
C
R
(A

G
)T
A
C
C
A
C
TC

C
TC

TG
A
G

24
6

Th
is

st
u
d
y

IL
-1
b
a

N
M
00

11
24

34
7.
1

11
2.
6

A
C
A
TT

G
C
C
A
A
C
C
TC

A
TC

A
TC

G
TT

G
A
G
C
A
G
G
TC

C
TT

G
TC

C
TT

G
C
A
TG

G
A
G
A
G
G
TT

A
A
A
G
G
G
TG

G
C

91
Th

is
st
u
d
y

IF
N
-g

a
FJ
18

43
74

.1
11

3.
0

C
TG

TT
C
A
A
C
G
G
A
A
A
C
C
C
TG

TT
G
TC

C
A
G
A
A
C
C
A
C
A
C
TC

A
TC

C
A
C
G
TT

TG
A
G
G
A
C
A
G
TG

A
G
C
A
G
A
G
G

81
Ta

ki
za
w
a
et

al
.[
25

]
IL
-1
0a

N
M
00

12
45

09
9.
1

99
.0

C
G
A
C
TT

TA
A
A
TC

TC
C
C
A
TC

G
A
C

G
C
A
TT

G
G
A
C
G
A
TC

TC
TT

TC
TT

C
C
A
TC

G
G
A
A
A
C
A
TC

TT
C
C
A
C
G
A
G
C
T

70
Th

is
st
u
d
y

IL
-4
/1
3A

a
A
B
57

43
37

.1
97

.6
G
TC

A
G
A
G
G
A
A
C
TT

C
TG

G
A
A
A
C
A

G
TT

G
TA

A
A
C
CC

TC
A
G
A
TG

TC
G

C
C
A
C
A
A
A
G
TG

C
A
A
G
G
A
G
TT

C
TT

C
TG

C
G
A

16
6

Ta
ki
za
w
a
et

al
.[
25

]
C
X
C
L-
8
(I
L-
8)

a
A
J2
79

06
9

10
8.
2

A
G
A
A
TG

TC
A
G
C
C
A
G
C
C
TT

G
T

TC
TC

A
G
A
C
TC

A
TC

C
C
C
TC

A
G
T

TT
G
TG

C
TC

C
TG

G
C
C
C
TC

C
TG

A
69

R
ai
d
a
et

al
.[
5]

C
C
-c
h
em

ok
in
eb

C
B
50

37
43

10
3.
0

G
TC

A
G
TG

G
A
G
G
A
TG

TC
G
G
A
T

G
C
G
A
TT

TC
C
TC

TT
C
A
G
TT

G
C

TG
C
C
A
C
TG

TG
TT

TG
TC

A
C
A
A

12
7

Th
is

st
u
d
y

C
el
lm

ar
ke

rs
C
D
8 a

a
A
F1

78
05

3-
80

55
10

4.
6

C
A
TC

C
TG

TG
A
G
TT

G
A
TT

G
TT

TG
G
G

G
TG

TC
TG

TT
G
A
G
G
G
TT

A
G
A
A
A
A
G
TC

A
C
TG

C
TG

G
C
TG

TG
G
C
TT

C
C
TC

TT
C
C

20
2

Ta
ki
za
w
a
et

al
.[
25

]
C
D
83

a
A
Y
26

37
96

.1
10

6.
0

TA
A
C
G
G
C
TG

TT
G
A
TA

G
C
G
G
(A

G
)A

G
TT

C
TT

C
TG

A
TT

(G
T)
G
TC

TG
TG

G
A
C
T

A
C
A
A
G
TG

TC
TC

C
TG

G
C
A
G
C
A
C
C
TG

TA
G
G

12
5

Th
is

st
u
d
y

N
or
m
al
iz
er

60
S
ri
bo

so
m
al

R
N
A
L3

6a
C
B
49

76
61

10
6.
3

C
G
C
TT

A
A
TC

C
TT

C
TT

G
G
C
A
G

G
A
C
A
TG

A
TC

C
G
TG

A
G
G
TG

TG
C
G
G
A
TG

TG
A
G
TT

C
C
A
A
TC

C
T

22
2

Th
is

st
u
d
y

a
R
ai
n
bo

w
tr
ou

t
(O

nc
or
hy

nc
hu

s
m
yk

is
s,
W

al
ba

u
m
).

b
A
tl
an

ti
c
sa
lm

on
(S
al
m
o
sa
la
r,
L.
).

J.M. Schwenteit et al. / Fish & Shellfish Immunology 35 (2013) 866e873868



3.2. Gene expression studies

Expression of the pro-inflammatory cytokines IL-1b, TNF-a, the
Th1 cytokine IFN-g, the Th2 cytokine IL-4/13A, the anti-inflammatory
cytokine IL-10, the CC and CXCL-8 (IL-8) chemokines, and the cell
markers CD83 (for antigen presenting cells) and CD8a (for cytotoxic
T-cells) were monitored. All analyzed immune genes showed a
constitutive expression in spleen and head-kidney and all, except
CD8a, were constitutively expressed in liver. Furthermore, expres-
sion levels were most prominent in spleen and head-kidney
(Tables S1eS3, supplemental data). RT-qPCR amplification prod-
ucts were analyzed by agarose gel and sequenced (Figure S1 and
Table S4, supplemental data). All sequences showed high (>94%)
identities to the corresponding immune genes of rainbow trout or
Atlantic salmon, which served as template for primer construction.

The pro-inflammatory cytokines IL-1b and TNF-a were up-
regulated during bacterial infection (Fig. 1, Tables S1 and S2).

In particular, IL-1b expression was significantly up-regulated
in spleen 1, 3, and 5 d p.i. in wt and mutant infected fish, reach-
ing highest levels at 5 d (2.9 fold) and 3 d (2.7 fold) p.i., respectively.
On day 3 and 5 p.i. up-regulation of IL-1b in head-kidney and
spleen, respectively, of wt infected fish were more prominent when
compared to mutant infected fish (Fig. 1, Tables S1 and S2). No
significant differences regarding Il-1b between groups and sam-
pling days were recorded in the liver (Table S3).

In spleen, TNF-a was significantly up-regulated 8 h and 5 d p.i.
with the AsaP1-deficient mutant and 3 d p.i. with wt bacteria when
compared to the PBS injected control group. On the other hand,
TNF-a was significantly down-regulated 5 d p.i. in the liver of wt
infected fish compared to the PBS control. In head-kidney no sig-
nificant changes in expressionwere recorded (Fig. 1, Tables S1eS3).

IL-10 expression was significantly up-regulated in spleen and
head-kidney, but not in the liver of infected fish compared to PBS
injected fish (Fig. 2, Tables S1eS3). In the spleen, expression peaked
at 3 d p.i. with a 2.7-fold higher expression in wt infected fish and a
2.9-fold higher expression in fish infected with the AsaP1-deficient
mutant compared to the controls.

In head-kidney a significant higher expression of IL-10 was
observed at 3 and 7 d p.i. in wt infected fish and 7 d p.i. in fish
infected with the AsaP1-deficient mutant compared to the PBS
control group (Table S2). Furthermore, IL-10 expression in head-
kidney of wt infected fish was significantly (4 times) higher than
in mutant infected fish 3 d p.i. (Fig. 2, Table S2).

Expression of IFN-g, which in mammals is predominantly
secreted by NK-cells, NKT-cells, Th1 cells, and cytotoxic T-cells, was
analyzed in spleen. Generally high expression levels were recorded
compared to untreated fish at T0. However, no significant differ-
ences were found between IFN-g expression levels of infected and
PBS control fish (Fig. 3; Tables S1eS3) at different time points after
infection.

IL-4/13A, which in mammals is mainly secreted by Th2 cells,
showed no significant regulation when comparing to infected and
PBS injected fish (Fig. 3; Table S1).

The chemokine CXCL-8, also known as IL-8, was highly
up-regulated in spleen, head-kidney, and liver of infected fish. IL-8
expression levels peaked on day 5 p.i. and were more than 40-fold
up-regulated in all three organs of fish infected with the wt strain
(Tables S1eS3, for spleen in Fig. 4). Furthermore, CXCL-8 expression
was significantly higher (19.0-fold) in spleen of wt infected
compared to mutant infected fish 5 d p.i.

While a significantly higher CC-chemokine expression (3.8-fold)
compared to PBS injected fish was only detected on day 3 p.i.

Fig. 1. Relative gene expression of the pro-inflammatory cytokines IL-1b and TNF-a in Arctic charr (N ¼ 5) compared to untreated fish (T0) analyzed in spleen and head-kidney by
RT-qPCR at different time points post i.p. injection with wt A. salmonicida subsp. achromogenes, AsaP1-deficient A. salmonicida subsp. achromogenes, and PBS, respectively.
Expression was normalized to the 60S rRNA expression. Black asterisks indicate significant differences between bacteria treated groups and the respective PBS control group
(*<0.05; **<0.01); grey asterisks indicate significant differences between wt and AsaP1mutant injected groups (*<0.05). The normalized expression of each gene at T0 was set as
one (dotted line).

Table 2
Re-isolation of A. salmonicida subsp. achromogenes from the head-kidney of infected Arctic charr 5 days post challenge.

A. salmonicida subsp. achromogenes 8 h 1 d 3 d 5 d 7 d

Wild type �, þ, �, �, � �, �, þ, �, þ þ, þ, þ, þ, þ þþ, þþ, þþ, þþ, � þþ, þþ, þþ, þþ, þþ
AsaP1-deficient �, �, �, �, � �, þ, �, �, � n.a., �, �, �, � þ, �, �, �, � �, �, �, þþ, þ, þþ

�, no growth; þ, the bacterium detected; þþ intense growth of the bacterium; n.a., not analyzed.
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(Fig. 4) in head-kidneys of fish infected with the AsaP1-deficient
strain this chemokine was generally up-regulated in all organs
when compared to day 0 (Tables S1eS3).

Expression of CD8a, a marker for cytotoxic T-cells, was down-
regulated in spleen 3 d p.i. in fish infected with the AsaP1-
deficient mutant (Fig. 5; Table S1). Recorded CD8a expression dif-
ferences were generally quite low and no further significant differ-
ences were detected in head-kidneys at all or at other time points in
spleen (Tables S1 and S2).

CD83, a marker of mature mammalian antigen presenting cells,
remained largely un-regulated in spleen, head-kidney and liver
(Tables S1eS3) in our experiments. The only significant observation
was a slightly lower expression of CD83 at day 5 p.i. in head-
kidneys of infected fish compared to the PBS control group
(Fig. 5, Table S2). Generally, it can be concluded that CD83 remains
un-regulated under these particular experimental conditions.

3.3. B-cell recruitment in the white pulp

Noticeable histological changes were observed in the spleen of
infected fish compared to controls. Proliferation of lymphoid cells
surrounding the periarterial macrophage sheaths (ellipsoids) was
observed in HE stained sections sampled from infected fish. This is
exemplified in Fig. 6, showing spleen sections of fish 7 d p.i. with
the wt strain and with PBS (Fig. 6A and B, respectively). Remarkable
pathological changes were, however, not found and no histo-
morphological differences were detectable betweenwt andmutant
infected fish.

To further analyze the immunemorphology of lymphatic tissues
immunofluorescence labeling was applied using polyclonal a-CD3ε
antibodies designed for Atlantic salmon [12] andmonoclonal a-IgM
antibodies designed for rainbow trout. Immunofluorescence anal-
ysis revealed that groups of CD3ε positive cells were scattered all
over the section in spleen of fish infected with the wt strain
(Fig. 7A), whereas in control fish CD3ε positive cells were solitarily

scattered (Fig. 7B). However, an expanded white pulp was found in
wt A. salmonicida subsp. achromogenes infected fish, containing
numerous IgM-positive cells (Fig. 7C) in contrast to control fish
(Fig. 7D). No differences between wt infected and mutant infected
fish regarding expression of CD3ε and IgM were observed, which is
in accordance with results from the HE stained sections.

4. Discussion

In this study, adaptive and innate immune response parameters
of Arctic charr during infection with A. salmonicida subsp. achro-
mogenes and its isogenic AsaP1-deficient mutant were analyzed.
The aim of the study was to get a closer insight into the immune
response of Arctic charr during infection with A. salmonicida subsp.
achromogenes as well as to analyze the impact of AsaP1, a major
extracellular toxin of the bacterium. Themajor findings of the study
were an early up-regulation of innate immune response genes
followed by an adaptive Th2 response cumulating in B-cell
recruitment. Fish infected with the wt strain and the AsaP1-
deficient strain showed significantly different expression patterns.
Significant up-regulation of CC-chemokine was only observed in
head-kidneys of fish infected with the AsaP1-deficient mutant.

A. salmonicida subsp. achromogenes is a highly auto-agglutinating
bacterium [13]. It has previously been shown that the wt strain and
the AsaP1-deficient mutant have the same proliferation rate [4].
Therefore, the use of the same dilution of the two strains cultivated
in parallel was used for infections. Cell counting confirmed statis-
tically comparable infection dosages of 3.3 � 105 � 0.9 � 105 CFU/
fish and 2.3 � 105 � 0.4 � 105 CFU/fish for the wt and the AsaP1-
deficient mutant strains, respectively. Successful infection of indi-
vidual fish was further confirmed by re-isolation of bacteria from
the head-kidney. The infection rate per group increased with time
after infection. Both re-isolation and incubation rates of the wt
bacterium were higher than those of the AsaP1-deficient mutant.
This is in accordance with results reported by Arnadottir et al.,

Fig. 3. Relative expression of the genes encoding INF-g and IL-4/13A, known as tracers for Th1 and Th2 related cell responses, respectively (N ¼ 5) compared to untreated fish (T0)
analyzed in spleen by RT-qPCR at different time points post i.p. injection with wt A. salmonicida subsp. achromogenes, AsaP1-deficient A. salmonicida subsp. achromogenes, and PBS,
respectively. Expression was normalized to the 60S rRNA expression of Arctic charr. The normalized expression of each gene at T0 was set as one (dotted line).

Fig. 2. Relative expression of the IL-10 anti-inflammatory cytokine gene in Arctic charr (N ¼ 5) compared to untreated fish (T0) analyzed in spleen and head-kidney by RT-qPCR at
different time points post i.p. injection with wt A. salmonicida subsp. achromogenes, AsaP1-deficient A. salmonicida subsp. achromogenes, and PBS, respectively. Expression was
normalized to the 60S rRNA expression of Arctic charr. Black asterisks indicate significant differences between bacteria treated groups and the respective PBS control group (*<0.05).
Grey asterisks indicate significant differences between wt and mutant treated groups (*<0.05). The normalized expression of each gene at T0 was set as one (dotted line).
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where the mutant showed lower virulence resulting in prolonged
incubation times [4].

The frequency of bacteria detection in charr organs by light
microscopy was much lower in this study than that reported by
Arnadottir et al. [4] for Atlantic salmon after bath infectionwith the
AsaP1-deficient mutant, which resulted in massive colonization of
several organs. In the present study, bacteria administered i.p.
colonized the capsule of the sampled organs, which can be
explained by the route of infection. Only few bacteria were found in
some blood vessels reflecting a low level of bacteremia. The rela-
tively low infection dose used in the present study resulted in mild
clinical signs, low mortality and moderate colonization of organs.
This was probably favorable for the establishment of a traceable
immune response, since a massive infection would rather have
resulted in a collapse of the immune system.

In this study, the most pronounced changes in the expression of
immune-relevant genes took place in the spleen. Previous studies
have also shown that the spleen of teleosts is a major secondary
lymphoid organ where recruitment and activation of lymphocytes
takes place [5,14,15]. The head-kidney in teleosts is another
important secondary lymphoid organ involved in capturing and
clearance of bacterial pathogens and serves as a source of macro-
phages [16]. In this study, some of the analyzed immune genes
were significantly regulated in this organ too. However, immune
gene expression was detected later than in spleen, where first
significant changes (up-regulation of mRNA encoding TNF-a) were
already observed 8 h p.i. It remains to be speculated if expression of
immune genes was triggered later in head-kidney than in spleen or
if cells have been recruited from spleen to other organs. Different
amounts of mRNA detected in bacterial infected fish compared to
PBS injected fish can be due to higher transcription rates of the
present immune cells or higher amounts of the corresponding
immune cells leading to higher mRNA levels.

On the level of morphology, proliferation of the white pulp
surrounding ellipsoids was observed in infected fish and a
considerable amount of the corresponding lymphocytes were IgM
positive. It remains to be speculated that these morphological
changes would be more prominent at later time points after
infection. Those time points have not been considered in the
experimental setup, because the main focus of this study was gene
expression.

Immune responses of fish infected with the AsaP1-deficient
mutant were for some of the analyzed immune genes, like IL-1b,
IL-10, CXCL-8 or CD83 less pronounced or detected later in course of
infection, but were significantly regulated in both groups. However,
expression of TNF-a, CC-chemokine and CD8a was more regulated
in fish infected with the AsaP1-deficient mutant. These differences
in immune response between fish infected with the wt strain and
the AsaP1-deficient mutant, respectively, may reflect the lack of an
important extracellular antigen in the mutant. The prolonged
incubation time of the mutant strain compared to the wt strain in
fish found in this study and in a previous study [4], could possibly
find its explanation in the different responses. Further, bacteriawere
only isolated from three of five fish infected with the AsaP1-
deficient mutant, but from all fish infected with the wt strain at
7 d p.i. This suggests that the AsaP1-deficient bacterium can bemore
quickly eliminated by the immune system than the wt bacterium.

As expected, the present study reveals that innate immune
response parameters of Arctic charr represented by the expression
of pro-inflammatory cytokines and chemokines, were triggered
immediately after bacterial infection and remained at high levels
during the relatively short experimental period of 7 days. However,
the two different bacterial strains (wt strain and AsaP1-deficient
strain) triggered a different response. In fish infected with the wt
strain IL-1bwas found to be significantly up-regulated, followed by a
significantly higher CXCL-8 expression compared to the mutant

Fig. 4. Relative gene expression of the chemokines CXCL-8 and CC-chemokine in Arctic charr (N ¼ 5) compared to untreated fish (T0) analyzed by RT-qPCR at different time points
post i.p. injection with wt A. salmonicida subsp. achromogenes, AsaP1-deficient A. salmonicida subsp. achromogenes, and PBS, respectively. Expression was normalized to the 60S
rRNA expression. Data are shown in box plots for spleen and head-kidney, respectively. Black asterisks indicate significant differences between bacteria treated groups and PBS
control group (*<0.05; **<0.01). Grey asterisks indicate significant differences between wt and Asa-deficient mutant treated groups (*<0.05).

Fig. 5. Relative gene expression of the cell markers CD8a, for cytotoxic T-cells and CD83, for mature antigen presenting cells, in Arctic charr (N ¼ 5) compared to untreated fish
(T0) analyzed by RT-qPCR at different time points post i.p. injection with wt A. salmonicida subsp. achromogenes, AsaP1-deficient A. salmonicida subsp. achromogenes, and PBS,
respectively. Expression was normalized to the 60S rRNA expression. Data are shown in box plots for spleen (CD8a) and head-kidney (CD83). Asterisks indicate significant
differences between infected groups and the PBS control group (*<0.05; **<0.01). The normalized expression of each gene at T0 was set as one (dotted line).
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infected fish. Nevertheless, CXCL-8 also seems to play a role in the
defense against the AsaP1-deficient mutant, since it was found to be
significantly up-regulated in all three analyzed organs of charr
infected with themutant strain. In contrast, AsaP1-deficient mutant
infected fish showed a significant up-regulation of TNF-a in spleen
as early as 8 h p.i. followed by significant CC-chemokine up-regu-
lation in head-kidney 3 d p.i. This finding could indicate a possible
down-regulation of CC-chemokine by the AsaP1 exotoxin. In both
infection studies IL-10 was significantly up-regulated. Although
significant regulation was only detected 5 d p.i. in mutant infected
fish, up-regulation of IL-10 was most prominent in spleen, which
corresponds with the detected significant down-regulation of CD8a
in spleen of fish infected with the wt strain 3 d p.i.

CC-chemokines are a large group of chemo-attractant cytokines
formonocytes/macrophages and lymphocytes [17]. Primers applied
in this study were designed using salmonid CC-chemokine
[CB503743] and CC-chemokine [SCYA113] genes of channel cat-
fish (Ictalurus punctatus, L.). CC-chemokine [SCYA113] has been

reported to group to the CCL19/21/25 group, which is known to
have homeostatic functions in mammals [18]. However, phyloge-
netic analysis of the two CC-chemokines [CB503743] and [SCYA113]
compared to human CCL19, CCL21 and CCL25 revealed a grouping
to CCL25, which has been reported to be chemo-attractant for
monocytes/macrophages and initiate their differentiation in
humans during rheumatoid arthritis [19].

Significant up-regulation of the CC-chemokine in head-kidney
of fish infected with the AsaP1-deficient mutant 3 d p.i. is a
remarkable observation, considering that the bacterium was not
re-isolated from any of the fish sampled 3 d p.i. Although the bio-
logical functions of these chemokines are largely unknown in fish
[20], our findings suggest that monocytes and macrophages were
efficiently attracted by chemotaxis contributing to bacterial clear-
ance already in the peritoneal cavity or shortly after the mutant
bacteria have penetrated the peritoneum.

CXCL-8 showed the highest up-regulation among the measured
immune parameters in Arctic charr during bacterial infection with

Fig. 6. Histological changes after infection of Arctic charr with A. salmonicida. In this image a spleen from a fish infected with wt A. salmonicida subsp. achromogenes is shown.
Similar observations were made in fish infected with the AsaP1-deficient strain. More prominent formations of lymphoid cells were detected around ellipsoid arterioles in infected
fish (A) compared to PBS injected fish (B) 7 days p.i. HE staining. Magnification �20.

Fig. 7. Immunofluorescence staining of histological spleen sections from Arctic charr infected with wt A. salmonicida subsp. achromogenes (A, C) compared to PBS injected control
fish (B, D), 7d post i.p. injection. The sections were immunostained with anti-CD3ε (A, B) and anti-IgM (C, D) antibodies. Similar staining patterns as in wt infected fish were
recorded for fish infected with the A. salmonicida subsp. achromogenes AsaP1-deficicent mutant strain (Keldur265-87-2). Magnification: �20.
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A. salmonicida, with up to 420-fold higher expressions in spleen and
head-kidney 5 d p.i. In teleosts, CXCL-8 has been reported to be the
functional homolog of mammalian CXCL-8 and also being chemo-
tactic for neutrophils [21e23]. However, significant up-regulation of
CXCL-8 was detected rather late (3 d p.i.) in this experimental setup
when compared to published data where up-regulation was recor-
ded as early as 8 h p.i. in bacterial infection of rainbow trout [5].

Following changes in innate immune response parameters, a
regulation of genes involved in the adaptive immune response was
observed, too. These results indicate a down-regulation of the Th1
related immune response exemplified by significant down-
regulation of CD8a, a cell marker for cytotoxic T-cells, in fish
infectedwith the AsaP1-deficient mutant. At the same time, the Th1
cytokine gene encoding IFN-g remained rather un-regulated, while
the gene for IL-10, an indirect suppressor of Th1 [24] was up-
regulated. As expected during a bacterial infection [5], the Th2
response appeared up-regulated, as indicated by increased IL-10
mRNA levels, but also by a recruitment of B-cells to the splenic
white pulp, in both infection models. However, expression levels of
IL-4/13A, which remained un-regulated in infected fish when
compared to mock-infected controls, did neither underline nor
discard a Th2 driven response. However, it remains to speculate if
this would happen later during infection.

In conclusion, our findings indicate that infection with
A. salmonicida subsp. achromogenes provokes an early up-regulation
of innate immune parameters followed by a Th2 skewed response
and B-cell recruitment and a rather suppressed Th1 response. The
AsaP1-deficient strain triggered a different immune response of
several of the analyzed immune genes, indicating the influence of
AsaP1 as a major exotoxin of A. salmonicida subsp. achromogenes.

Acknowledgements

The project was funded by the Icelandic Center for Research
(RANNIS; R-090015/5384) and the University of Iceland Research
Found.

Thanks are due to Dr. Mario Ziller for biomathematical consul-
ting. We thank Bernd Koellner for providing the monoclonal anti-
body against IgM. Special thanks are due to Margret Jonsdottir and
Gabriele Czerwinski for technical support in preparation and
staining of histological sections.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.fsi.2013.06.024.

References

[1] Gudmundsdottir BK, Bjornsdottir B. Vaccination against atypical furunculosis
and winter ulcer disease of fish. Vaccine 2007;25:5512e23.

[2] Schwenteit J, Gram L, Nielsen KF, Fridjonsson OH, Bornscheuer UT, Givskov M,
et al. Quorum sensing in Aeromonas salmonicida subsp. achromogenes and the
effect of the autoinducer synthase AsaI on bacterial virulence. Vet Microbiol
2011;147:389e97.

[3] Gudmundsdottir BK, Magnadottir B. Protection of Atlantic salmon (Salmo
salar L.) against an experimental infection of Aeromonas salmonicida ssp.
achromogenes. Fish Shellfish Immunol 1997;7:55e69.

[4] Arnadottir H, Hvanndal I, Andresdottir V, Burr SE, Frey J, Gudmundsdottir BK.
The AsaP1 peptidase of Aeromonas salmonicida subsp. achromogenes is a
highly conserved deuterolysin metalloprotease (family M35) and a major
virulence factor. J Bacteriol 2009;191:403e10.

[5] Raida MK, Buchmann K. Development of adaptive immunity in rainbow trout,
Oncorhynchus mykiss (Walbaum) surviving an infection with Yersinia ruckeri.
Fish Shellfish Immunol 2008;25:533e41.

[6] Raida MK, Buchmann K. Innate immune response in rainbow trout (Onco-
rhynchus mykiss) against primary and secondary infections with Yersinia
ruckeri O1. Dev Comp Immunol 2009;33:35e45.

[7] Magnadottir B. Immunological control of fish diseases. Mar Biotechnol (NY)
2010;12:361e79.

[8] Ingerslev HC, Rønneseth A, Pettersen EF, Wergeland HI. Differential
expression of immune genes in Atlantic salmon (Salmo salar l.) challenged
intraperitoneally or by cohabitation with IPNV. Scand J Immunol 2009;69:
90e8.

[9] Gudmundsdottir BK, Hastings TS, Ellis AE. Isolation of a new toxic protease
from a strain of Aeromonas salmonicida subspecies achromogenes. Dis Aquat
Org 1990;9:199e208.

[10] Rozen S, Skaletsky H. Primer3 on the WWW for general users and for biologist
programmers. Methods Mol Biol 2000;132:365e86.

[11] Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2�DDCT method. Methods 2001;25:402e8.

[12] Koppang EO, Fischer U, Moore L, Tranulis MA, Dijkstra JM, Köllner B, et al.
Salmonid T cells assemble in the thymus, spleen and in novel interbranchial
lymphoid tissue. J Anat 2010;217:728e39.

[13] Evenberg D, Lugtenberg B. Cell surface of the fish pathogenic bacterium
Aeromonas salmonicida. II. Purification and characterization of a major cell
envelope protein related to autoagglutination, adhesion and virulence.
Biochim Biophys Acta 1982;684:249e54.

[14] Chaves-Pozo E, Muñoz P, López-Muñoz A, Pelegrín P, García Ayala A,
Mulero V, et al. Early innate immune response and redistribution of inflam-
matory cells in the bony fish gilthead seabream experimentally infected with
Vibrio anguillarum. Cell Tissue Res 2005;320:61e8.

[15] Overturf K, LaPatra S. Quantitative expression of immunological factors in
rainbow trout, Oncorhynchus mykiss (Walbaum), after infection with either
Flavobacterium psychrophilum, Aeromonas salmonicida, or infectious haema-
topoietic necrosis virus. J Fish Dis 2006;29:215e24.

[16] Press CM, Evensen Ø. The morphology of the immune system in teleost fishes.
Fish Shellfish Immunol 1999;9:309e18.

[17] Laing KJ, Secombes CJ. Trout CC chemokines: comparison of their sequences
and expression patterns. Mol Immunol 2004;41:793e808.

[18] Peatman E, Liu Z. Evolution of CC chemokines in teleost fish: a case study in
gene duplication and implications for immune diversity. Immunogenetics
2007;59:613e23.

[19] Schmutz C, Cartwright A, Williams H, Haworth O, Williams JH, Filer A, et al.
Monocytes/macrophages express chemokine receptor CCR9 in rheumatoid
arthritis and CCL25 stimulates their differentiation. Arthritis Res Ther
2010;12:R161.

[20] Alejo A, Tafalla C. Chemokines in teleost fish species. Dev Comp Immunol
2011;35:1215e22.

[21] Harun NO, Zou J, Zhang YA, Nie P, Secombes CJ. The biological effects of
rainbow trout (Oncorhynchus mykiss) recombinant interleukin-8. Dev Comp
Immunol 2008;32:673e81.

[22] Van der Aa LM, Chadzinska M, Tijhaar E, Boudinot P, Verburg-van
Kemenade BM. CXCL8 chemokines in teleost fish: two lineages with distinct
expression profiles during early phases of inflammation. PLoS One 2010;5:
e12384.

[23] Jimenez N, Coll J, Salguero FJ, Tafalla C. Co-injection of interleukin 8 with the
glycoprotein gene from viral haemorrhagic septicemia virus (VHSV) modu-
lates the cytokine response in rainbow trout (Oncorhynchus mykiss). Vaccine
2006;24:5615e26.

[24] Grutz G. New insights into the molecular mechanism of interleukin-10-
mediated immunosuppression. J Leukoc Biol 2005;77:3e15.

[25] Takizawa F, Dijkstra JM, Kotterba P, Korytar T, Kock H, Kollner B, et al. The
expression of CD8a discriminates distinct T cell subsets in teleost fish. Dev
Comp Immunol. 2011;35:752e63.

J.M. Schwenteit et al. / Fish & Shellfish Immunology 35 (2013) 866e873 873



  

 

Paper III 

Paper III 





Toxoid construction of AsaP1, a lethal toxic aspzincin
metalloendopeptidase of Aeromonas salmonicida subsp. achromogenes,
and studies of its activity and processing
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1. Introduction

Aeromonas salmonicida subsp. achromogenes is the
causative agent of atypical furunculosis in many fish
species, including Atlantic salmon (Salmon salar L.) and
Arctic charr (Salvelinus alpinus L.) (Gudmundsdottir and
Bjornsdottir, 2007).

Detoxified, concentrated extracellular products (ECP)
of A. salmonicida subsp. achromogenes induce a better
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A B S T R A C T

AsaP1 is a toxic aspzincin metalloendopeptidase secreted by the fish pathogen Aeromonas

salmonicida subsp. achromogenes. The protease is highly immunogenic and antibodies

against AsaP1 evoke a passive protection against infection with A. salmonicida subsp.

achromogenes. The protease is expressed as 37 kDa pre-pro-protein and processed to an

active enzyme of 19 kDa in A. salmonicida subsp. achromogenes. Recombinant expression of

AsaP1rec in E. coli results in a protease of 22 kDa that is not secreted. AsaP1rec induces

comparable pathological changes in Atlantic salmon (Salmo salar L.) to native AsaP1wt. The

aim of the study was to construct AsaP1 toxoids by exchanging catalytically important

amino acids in the active site region of the protease.

Four different AsaP1 mutants (AsaP1E294A, AsaP1E294Q, AsaP1Y309A, and AsaP1Y309F)

were successfully constructed by one step site directed mutagenesis, expressed in E. coli

BL21 C43 as pre-pro-proteins and purified by His-tag affinity chromatography and gel

filtration. Three of the resulting mutants (AsaP1E294A, AsaP1E294Q, and AsaP1Y309A) were

not caseinolytic active and are detected as unprocessed pre-pro-proteins of 37 kDa.

Caseinolytic active AsaP1rec and a mutant with reduced activity, AsaP1Y309F, were

processed to a size of 22 kDa. Furthermore, AsaP1rec is able to process the inactive mutants

to the mature size of 22 kDa, allowing the conclusion that AsaP1 is autocatalytically

processed.

All four mutants AsaP1E294A, AsaP1E294Q, AsaP1Y309A and AsaP1Y309F are non-toxic in

fish but induce a specific anti-AsaP1 antibody response in Arctic charr (Salvelinus alpinus

L.) and are therefore true toxoids and possible vaccine additives.
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immune protection against atypical furunculosis in
Atlantic salmon than killed bacterial cells. The protection
correlated with an increased antibody response against the
19 kDa extracellular protease AsaP1 (Gudmundsdottir and
Magnadottir, 1997). AsaP1 is a major extracellular
virulence factor of A. salmonicida subsp. achromogenes,
regulated by quorum sensing (Schwenteit et al., 2011),
with a LD50 of 0.03 mg/g fish (Gudmundsdottir et al., 1990).
AsaP1 recombinantly produced in Escherichia coli (Asa-
P1rec) is 22 kDa and induces comparable pathological
changes in Atlantic salmon to the native enzyme (AsaP1wt)
(Hvanndal, 2003).

Peptidases in family M35 contain two zinc binding
histidines and a catalytic glutamate in a HExxH motif. A
third ligand is an Asp located in the highly conserved
aspzincin motif GTxDxxYG. AsaP1 is a M35 aspzincin
metalloendopeptidase, expressed as a precursor with a
pro-peptide and a signal sequence (37 kDa), which is
common among bacterial extracellular proteases (Wan-
dersman, 1989), and processed to the 19 kDa mature
enzyme in A. salmonicida subsp. achromogenes (Arnadottir
et al., 2009). Several functions have been assigned to the
pro-peptide, like activation by intramolecular autocata-
lysis (Gao et al., 2010), or inhibition of protease activity as
well as chaperone activity (Häse and Finkelstein, 1993).
However for many proteases, including AsaP1, the exact
function of the pro-peptide is still unknown as well as the
precise mechanism of maturation.

There are several studies demonstrating the efficacy of
toxoid vaccines in evoking protective immunity (Kitchin,
2011). The aim of this study was to construct AsaP1 toxoids
by exchanging catalytically important amino acids.

2. Material and methods

2.1. Bacterial strains, plasmids and culture conditions

E. coli BL21 C43 [OverExpress C43 (DE3): F�ompT,
hsdSB (rB�, mB�), gal, dcm (DE3)] (Dumon-Seignovert
et al., 2004) was used as expression strain, whereas E. coli

TOP10 [F�mcrA, D(mrr-sdRMS-mcrBC), F80lacZDM15,
DlacX74, recA1araD139, D(ara-leu)7697, galU, galK, rpsL,
(StrR) endA1, nupGcells] (InvitrogenTM) was used for
cloning. E. coli strains were routinely grown in LB-media
(Bertani, 1951) containing 100 mg/ml ampicillin at 37 8C
with 200 rpm agitation. If necessary, 1.5% agar was added
to the media. Bacterial growth was monitored by OD
measurement at 600 nm.

The previously constructed plasmid, pTriplEx_asaP1
(Arnadottir et al., 2009), was used for isolation of the asaP1

gene (GenBank: AF550405.3) and pJOE3075 was used for
over-expression of AsaP1 and its mutants. A. salmonicida

subsp. achromogenes, strain Keldur265-87, was used for
isolation of native AsaP1 (Gudmundsdottir et al., 1990).

2.2. Construction of AsaP1 mutants

To clone the asaP1 gene two primers (Table 1; asaP1-
nde-f and asaP1-bgl-h-r) were used to amplify a 1032 bp
gene fragment, encoding the AsaP1 pre-pro-protein, in the
plasmid pTriplEx_asaP1. The primers included restriction

sites for cloning into pJOE3075 (Wegerer et al., 2008) by
double digest and ligation.

The resulting plasmid pJOE_asaP1 was used as a
template for further mutant construction. Based on
comparison to other metalloproteases, two amino acid
residues were exchanged. The Glu294 within the con-
served HExxH motif is essential for proteolytic activity due
to polarisation of the nucleophilic water attacking the
scissile peptide bond (Fushimi et al., 1999), whereas the
Tyr309 conserved in the second motif of aspzincin
proteases (GTxDxxYG), lowers the energy of the transition
state (Bryan et al., 1986; Kraut, 1977) and is believed to be
involved in substrate recognition (Hori et al., 2001). One-
step site-directed mutagenesis (5 ml 10� HF-buffer;
200 ng template; 1 ml f-primer [100 pmol]; 1 ml r-primer
[100 pmol]; 200 mM dNTP’s; 2 U Pfx (Invitrogen) in 50 ml)
(94 8C 3 min; (94 8C 1 min; 52 8C 1 min; 68 8C 10 min) � 15;
68 8C 1 h), adapted from a previously described method
(Zheng et al., 2004), was used to exchange the two amino
acid residues, E294 and Y309, respectively. An exchange of
1 bp in the corresponding triplet amino acid code was used
to produce the asaP1E294A, asaP1E294Q, and asaP1Y309F
mutant genes. Two bp had to be replaced by site-directed
mutagenesis for triplet code change of tyrosine to alanine
resulting in the construction of the asaP1Y309A mutant. All
primers are listed in Table 1. Mutants were screened by
digestion of an additional KpnI restriction site introduced
in one of the corresponding primers by a silent point
mutation. The successful construction of all four mutants,
AsaP1E294Q, AsaP1E294A, AsaP1Y309F and AsaP1Y309A was
confirmed by sequencing.

2.3. Screening for expression level, protein localisation and

protein size

Recombinant proteins were expressed for 3 h at 22 8C
following induction, and then cells were isolated by
centrifugation 15 min at 1800 � g. The pellets were
resuspended in spheroblast buffer (100 mM Tris–HCl pH
8.5, 0.5 mM EDTA, 500 mM saccharose) at 4 8C and
incubated on ice for 10 min before centrifugation for
20 min at 6000 � g. Supernatants were removed and the
pellets incubated for 5 min at 37 8C. Afterwards, cells were
resuspended in 50 ml ice cold water, incubated on ice for
10 min and centrifuged for 30 min at 10,000 � g. The
pellets were resuspended in 2 ml of 20 mM Tris–HCl pH
7.6, 300 mM NaCl and cells were lysed by sonication and
centrifuged for 30 min at 13,000 � g. Samples (20 ml) were
taken from the supernatants of each step and the final
pellet. The samples were prepared for SDS-PAGE (Laemmli,
1970), using 12% gels and Coomassie Brilliant Blue R250
staining. The marker proteins used were BSA (62 kDa),
Tet(R) (42 kDa), GFP (27 kDa) and Lysozyme (14 kDa).

2.4. Protein expression and purification

Expression of recombinant asaP1 and its mutant genes
(asaP1E294A, asaP1E294Q, asaP1Y309A, and asaP1Y309F) in
pJOE3075 in E. coli BL21 C43 was induced by 1 mM L-
rhamnose at a bacterial OD600 nm of 0.5 at 37 8C, subse-
quently the temperature was reduced to 22 8C. Cells were
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incubated overnight, harvested by centrifugation 15 min at
1800 � g, resuspended in 20 mM Tris–HCl pH 7.6 contain-
ing 300 mM NaCl and lysed by sonication (1 min, 50% pulse
and 50% intensity). The crude extract was applied to a Ni2+-
immobilised metal affinity (PorosMC) chromatography
column with 20 mM Tris–HCl pH 7.6, 300 mM NaCl, 50 mM
imidazole. The protein was eluted with 20 mM Tris–HCl pH
7.6, 300 mM NaCl, 200 mM imidazole using a linear
gradient from 0% to 100% elution buffer. Fractions
containing AsaP1rec, AsaP1E294A, AsaP1E294Q, AsaP1Y309A
or AsaP1Y309F mutants were pooled and concentrated by
ultrafiltration before applying on a size exclusion chro-
matography column (Superdex200). The buffer for gel
filtration comprised 20 mM Tris–HCl pH 7.6 and 300 mM
NaCl. The protein concentration was determined by UV
absorption (e280 nm = 31 400 M�1 cm�1).

Growth of E. coli was monitored at several time points
during cultivation at 37 8C for 30 h. Expression of AsaP1rec,
AsaP1E294A, AsaP1E294Q, AsaP1Y309A, and AsaP1Y309F was
examined 4 h post induction by Western blots of crude
extracts of lysed E. coli cells (see above) probed with
polyclonal murine a-AsaP1 antibodies (produced at our
laboratory). SDS-PAGE and Western blotting was accord-
ing to a previous protocol (Gudmundsdottir et al., 2003).
ECP of A. salmonicida subsp. achromogenes served as a
positive control and an empty E. coli BL21 C43 strain as a
negative control.

2.5. Stability of AsaP1rec and its mutants

Protein samples used (1 mg/ml) were AsaP1E294Q,
AsaP1E294A, and AsaP1rec purified by affinity chromato-
graphy, but without size exclusion chromatography.
Stability of the proteins was analysed at 4 8C and 20 8C,
respectively. Furthermore, mixtures of recombinant Asa-
P1rec either with AsaP1E294Q or AsaP1E294A were analysed
with and without 50 mM EDTA. Samples were fractionated
to 10 ml each and incubated separately for 1, 3, 5, 7, 9, 12,
14, 17, and 18 d before SDS-PAGE analysis. In a second set-
up the samples were analysed by Western blotting,
performed as previously described (Gudmundsdottir
et al., 2003), using 12% gels and Prestained Protein Ladder
#SM0671(PageRulerTM Fermentas) to monitor the migra-
tion distance of protein bands. The first antibody was a
rabbit antibody (1:200) against a peptide (CDNHEY-
FAENTPSEN) starting at position 330 of AsaP1, produced

by GeneScript. The antigens used were: AsaP1E294A
(1 mg/ml) after 7 d, 8 d, 15 d, and 19 d incubation;
AsaP1E294A (1 mg/ml, 6 d after purification) mixed 1:1 (v/v)
with AsaP1rec (0.6 mg/ml) after 1 d, 2 d, 5 d, 8 d, and 12 d
incubation; and fresh ECP of A. salmonicida subsp.
achromogenes, strain Keldur265-87, extracted by centri-
fugation (13,000 rpm for 10 min) from a liquid culture
(125 h incubation at 15 8C).

2.6. Experimental fish

Arctic charr, mean weight 34.1 g, from Íslandsbleikja,
Iceland were kept in 400 l tanks with continuously running
fresh water at 10 � 2 8C and acclimatised for 1 week prior to
treatment. Prior to intra peritoneal (i.p.) injection, all fish
were anaesthetised with MS222 (Pharmaq, Vistor hf.) and
marked with Visible Implant Fluorescent Elastomer dye
(Northwest Marine Technology, Salisbury, U.K.). The density
of fish in the tanks was 3 kg/tank or less. Oxygen concentra-
tion, temperature, and mortality were monitored daily
during the experiments. The fish were free of infections,
according to standard routine diagnostics performed at the
Icelandic Fish-Disease Reference Laboratory. The experi-
ments were approved and performed according to the
Icelandic Animal Research Authority (approval no.
YDL03080041/023BE).

2.7. Caseinolytic and lethal activity of AsaP1 mutants

Proteolytic activity was analysed by radial diffusion
method and substrate SDS-PAGE as previously described
(Gudmundsdottir, 1996). Casein-agarose plates with 4 mm
wells were used for radial diffusion analysis. SDS gels
(12%), containing 0.1% casein and stained with Coomassie
Brilliant Blue R250, were used for substrate SDS-PAGE.
Lethal effect was monitored by i.p. injection of two charr
fingerlings with up to 100 mg/fish of His-tag purified
AsaP1E294A, AsaP1E294Q, AsaP1Y309A, and AsaP1Y309F,
respectively. Mortality was monitored for 48 h.

2.8. Analysis of immunogenicity of AsaP1 mutants in Arctic

charr

Arctic charr (10 fish/group) were immunised i.p.
(100 mg/fish) with the four AsaP1 mutants (AsaP1E294A,
AsaP1E294Q, AsaP1Y309A, and AsaP1Y309F) emulsified with

Table 1

Primer used in the present study and their application.

Primer Sequence Application

asaP1-nde-f 50-CGA ATT CCA TAT GAT GAA AGT GAC TCC AAT AG-30 Cloning of asaP1 in pJOE3075

asaP1-bgl-h-r 50-CGG AGA TCT GTT TTC GCT CGG GGT ATT C-30

asaP1-gln-fGlu294 50-CCG TGC CCG TAC CAT AGT CCA TCA GCT GAG TCA CTT CAA CG-30 Construction of AsaP1 mutants

by site directed mutagenesisasaP1-gln-rGlu294 50-GCT GAT GGA CTA TGG TAC CGG CAC GGG AAT CGC TCC-30

asaP1-ala1-fGlu294 50-CCG TGC CGG TAC CAT AGT CCA TGC GCT GAG TCA CTT CAA CG-30

asaP1-ala1-rGlu294 50-GCG CAT GGA CTA TGG TAC CGG CAC GGG AAT CGC TCC-30

asaP1-phe-fTyr309 50-GCA GGT ACC GAC GAT CTG GGT TTC GGT CAG GCC AAT GCC CGC-30

asaP1-phe-rTyr309 50-CCG AAA CCC AGA TCG TCG GTA CCT GCC ACC ACG TTG AAG TG-30

asaP1-ala2-fTyr309 50-GTG GCA GGT ACC GAC GAT CTG GGT CAG GCC AAT G-30

asaP1-ala2-rTyr309 50-CCG GCA CC AGA TCG TCG GTA CCT GCC ACC ACG TTG AAG-30
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Freund’s incomplete adjuvant (FIA). The mutants Asa-
P1E294A and AsaP1Y309F were also injected without FIA.

Fish were cultivated for 12 weeks after immunisation,
before caudal blood was sampled. Sera were isolated from
each sample as previously described (Gudmundsdottir and
Magnadottir, 1997) and kept at �20 8C until used.

Specific antibody activity against AsaP1 was analysed
by a double sandwich ELISA, modified from a previously
described method (Magnadottir and Gudmundsdottir,
1992), and confirmed by Western blotting. Freshly
prepared ECP of strain Keldur265-87 (Gudmundsdottir
et al., 2003), in coating buffer (Sigma) (20 mg protein/ml),
was used for coating flat bottom 96-well immuno plates
(MaxiSorp, NUNC). All serum samples diluted 1:50 were
analysed in duplicates. Bound serum antibodies were
detected by polyclonal mouse a-salmon IgM antibodies
1:1000 (Magnadottir and Gudmundsdottir, 1992), fol-
lowed by conjugated goat a-mouse antibody (Sigma)
labelled with alkaline phosphatase 1:1000. Colour was
developed with p-nitrophenyl phosphate (Sigma) and
reaction stopped using 3 M NaOH. Optical density (OD)
was read at 405 nm.

Antibody endpoint titre was determined with the same
ELISA assay for five fish per group giving high OD readings.
Sera were analysed in dilution series from 1:50 up to
1:12,400. Twice the average value of OD readings at
405 nm of the PBS injected control group was considered to
be the cut-off value in antibody titre calculation
(OD405 nm = 0.16). Immunogenicity of the four AsaP1
mutants was analysed in Western blots immunostained
with sera from immunised charr, using immunostaining
with polyclonal murine a-AsaP1 antibodies as a positive
control and sera from PBS-injected fish as a negative
control. ECP of strain Keldur265-87 was used as an antigen
for native AsaP1.

2.9. Statistical analysis

Growth rates of E. coli expressing AsaP1rec and its four
mutants were diagrammed and statistical differences
analysed by GraphPad Prism5. Student’s t-test with Welsh
correction was used to estimate statistical differences of
ELISA readings compared to the PBS injected control group.

3. Results

3.1. AsaP1 mutant construction and expression

All four AsaP1 mutants as well as the wild type protease
were recombinantly expressed in E. coli BL21 C43.
Significant differences were detected in growth of the E.

coli strains expressing the different proteins during
stationary phase (Fig. 1). Growth difference started at
the beginning of the stationary phase, shown in the box in
Fig. 1. Three groups of two strains each had significantly
different growth. The highest cell density was in E. coli

BL21 C43 cultures and the one expressing the inactive
mutant AsaP1E294A, which were as well the only strains
that had a constant OD value during stationary phase.
AsaP1rec and AsaP1E294Q reached the second highest cell
density, but the lowest cell density was in cultures

expressing AsaP1Y309A and AsaP1Y309F. Strains expressing
AsaP1rec, AsaP1E294Q, AsaP1Y309A and AsaP1Y309F died and
lysed after reaching peak growth. Lysis of the strain
expressing AsaP1rec, was highest, starting 6 h post induc-
tion and resulting in a 27-fold lower OD (0.23) than
the strain expressing the inactive mutant AsaP1E294A
(OD = 6.3) 27.5 h post induction.

Fig. 2 shows that AsaP1E294A, AsaP1E294Q and Asa-
P1Y309A were detected at 37 kDa (lanes 4, 5 and 7), the size
of the polypeptide with pro-peptide and protease domain.
Only the mutant AsaP1Y309F, showing a reduced case-
inolytic activity, was detected at 22 kDa (lane 6), corre-
sponding to the size of AsaP1rec (lane 3). AsaP1wt detected
in the ECP of A. salmonicida subsp. achromogenes was
processed to 19 kDa (lane 2). None of the five recombinant
proteins expressed by E. coli (AsaP1rec and four AsaP1
mutants) were secreted, but found within the expressing
bacterial cell (Fig. 3).

Fig. 1. Growth of E. coli BL21 C43 expressing AsaP1rec and its four mutants:

AsaP1E294A, AsaP1E294Q, AsaP1Y309A, and AsaP1Y309F, monitored by

OD600 nm measurement at different times over a period of 30 h. An

empty E. coli BL21 C43 strain served as control. Time points 1.5–11.5 h

post induction are shown more detailed in the box.

Fig. 2. Detection of AsaP1 and AsaP1 mutants by polyclonal murine a-
AsaP1 antibody on Western blot. ECP of A. salmonicida subsp.

achromogenes strain Keldur265-87 served as a positive control. Lanes:

(1) molecular weight standards; (2) ECP; (3) AsaP1rec; (4) AsaP1E294Q; (5)

AsaP1E294A; (6) AsaP1Y309F; and (7) AsaP1Y309A. Continuous arrow 19 kDa;

dashed arrow 22 kDa; dotted arrow 37 kDa.
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3.2. Activity of the four AsaP1 mutants recombinantly

expressed in E. coli BL21 C43

Three of four constructed AsaP1 mutants did not have
detectable caseinolytic activity (AsaP1E294A, AsaP1E294Q,
and AsaP1Y309A). AsaP1Y309F was still caseinolytic active, as
indicated by a 4 mm clearing zone in the radial diffusion
assay and a clearing zone in the substrate SDS-PAGE at
22 kDa (data not shown); though its activity was reduced
compared to the recombinant AsaP1rec (7 mm) and the ECP

of A. salmonicida subsp. achromogenes Keldur265-87
(30 mm).

Despite the remaining caseinolytic activity of mutant
AsaP1Y309F the security test of the injection into Arctic
charr revealed that all four AsaP1 mutants were non-lethal
in the concentration of 100 mg/fish and did not induce
detectable gross pathological changes.

3.3. Stability of recombinant AsaP1 and its four mutants

Analysis of the stability of AsaP1E294A, AsaP1E294Q and
AsaP1rec at 4 8C and 20 8C for up to 18 d, revealed equal
stability of the two inactive mutants AsaP1E294A and
AsaP1E294Q. Representative data for AsaP1E294A and Asa-
P1rec for incubation at 4 8C and 20 8C is shown in Fig. 4 and
in supplement data (Figs. S1 and S2), respectively. A strong
band at 37 kDa is visible in the mutant proteins for up to 18
d, both at 4 8C and 20 8C, indicating the presence of the
unprocessed enzyme. Only one faint band about 22 kDa is
detected in AsaP1rec (arrow in Fig. 4 and Fig. S1), showing a
processed form of the protease, after incubation for 1 d. The
protease is highly active and self-degradation is presum-
ably the reason for decreasing intensity. However, after
degradation at high protein concentration (1 mg/ml), a
faint 22 kDa band is still detected after 18 d (Fig. 4, Figs. S1
and S2). A mixture of recombinant, still active AsaP1rec
with inactive AsaP1E294A shows another degradation
pattern than inactive AsaP1E294A and AsaP1E294Q. The
precursor at 37 kDa disappears and there is one prominent
band around 22 kDa at day 9 and bands with a lower
molecular weight after 18 d (Fig. 4C).

The mixture of recombinant AsaP1rec and AsaP1E294A
with 500 mM EDTA shows the pre-pro-peptide at 37 kDa
up to 18 d and only weak bands with faster mobility on the
gel.

In a second experiment, the size of degradation bands
of recombinant proteins was compared to the size of
mature AsaP1wt from the ECP of A. salmonicida subsp.
achromogenes by Western blotting (Fig. 4E). There is a clear
size difference between AsaP1wt (19 kDa) from freshly

Fig. 3. Analysis of recombinant AsaP1 expression and secretion in E. coli by

Coomassie blue stained SDS-PAGE. Shown is the representative

expression of the mutant AsaP1E294A. Other mutants as well as

AsaP1rec show similar results. Lanes: (1) extracellular proteins; (2)

periplasmic proteins; (3) soluble cytosolic proteins; and (4) insoluble

cytosolic proteins. Arrow indicates the size of unprocessed AsaP1E294A
(37 kDa). Proteins can be detected in all three fractions within the E. coli

cell but not in the extracellular milieu.

Fig. 4. Time course of stability and maturation for recombinant AsaP1rec and AsaP1E294A at 4 8C. Shown are purified proteins analysed after 1, 9 and 18 d by:

A–D, Coomassie blue stained SDS-PAGE; and E, Western blot analysis. The samples analysed are: (A) AsaP1rec; (B) AsaP1E294A; (C) AsaP1rec + AsaP1E294A; (D)

AsaP1rec + AsaP1E294A + EDTA and (E) Western blot analysis of (1) AsaP1E294A (19 d); (2) AsaP1rec + AsaP1E294A (8 d), (3) AsaP1rec (7 d) and (4) freshly

prepared ECP from A. salmonicida subsp. achromogenes. Protein at 37 kDa shows the unprocessed precursor and the band around 22 kDa indicates the size of

processed AsaP1rec (indicated by a solid arrow) in contrast to the mature enzyme from A. salmonicida subsp. achromogenes at 19 kDa (indicated by an open

arrow).
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prepared ECP and AsaP1rec (22 kDa). Furthermore the
prominent band in AsaP1E294A that was incubated for 19 d
and in the mixture of AsaP1E294A and AsaP1rec incubated
for 8 d is 22 kDa, although faint bands with higher and
lover MW were also detected. A faint band that might
correspond to the size of mature AsaP1, is detectable in
AsaP1E294A after 19 d and AsaP1rec after 7 d (Fig. 4E, lines 1
and 3). The degradation process of the above mentioned
samples at 20 8C is comparable and only shown in the
supplement data.

3.4. AsaP1 mutants induce a specific antibody response in

Arctic charr

All four AsaP1 mutants induced an antibody response in
Arctic charr, which was detected 12 weeks after immu-
nisation (Fig. 5). All AsaP1 mutants were emulsified with
FIA before immunisation. Additionally the mutants Asa-
P1E294A and AsaP1Y309F were also injected without
adjuvant. Immunisation with PBS emulsified in FIA served
as negative control.

Antibody activity against the ECP of A. salmonicida

subsp. achromogenes (anti-AsaP1 antibody response) is
shown in Fig. 5A. Fish in the PBS-FIA control group did not
have a positive anti-AsaP1 antibody response. Antibody
response of fish injected with AsaP1E294A-FIA, AsaP1Y309A-
FIA, AsaP1Y309F-FIA and AsaP1Y309F differed significantly
from the PBS-FIA group, but antibody responses to
AsaP1E294Q-FIA and AsaP1E294A were not significant
(p > 0.08). A significant difference (p = 0.002) was between
the groups injected with AsaP1E294A-FIA and AsaP1E294A
without the adjuvant, indicating the importance of the
adjuvant in enhancing the immune response.

Anti-ECP endpoint titres of selected sera from 5 fish in
each group are shown in Fig. 5B. Fish in all groups had
significant anti-AsaP1 titres (p < 0.01). The group immu-
nised with AsaP1E294A-FIA had significantly higher titres
than fish in the other groups (p < 0.05), but differences

between the other groups were not statistically significant
(p > 0.07).

Specific antibody activity against AsaP1wt was analysed
by Western blot (Fig. 6). The results reveal that sera from
all four groups of fish vaccinated by AsaP1 mutants

Fig. 6. Immunostaining of A. salmonicida subsp. achromogenes strain

Keldur265-87 ECP by sera from Arctic charr immunised with

recombinant AsaP1 mutants. Polyclonal, murine a-AsaP1 antibodies

served as a positive control antibody and sera from PBS injected fish as

negative control. Lane (1) positive control antibody. Lanes 2–5 sera from

fish immunised with: (2) AsaP1E294A; (3) AsaP1E294Q; (4) AsaP1Y309A; and

(5) AsaP1Y309F. Lane (6) negative control. The arrow points at the 19 kDa

band of mature AsaP1.

Fig. 5. (A) Antibody activity (n = 10) and (B) antibody endpoint titre (n = 5) against ECP of Aeromonas salmonicida subsp. achromogenes strain Keldur265-87

detected in Arctic charr serum 12 weeks post immunisation with AsaP1 mutants: AsaP1E294A; AsaP1E294Q; AsaP1Y309A; and AsaP1Y309F. Data are expressed in

a box blot, with the line representing the median. Boxes indicate 25–75% percentiles and whiskers 0–100%. Significances were calculated by (A) Student’s t-

test with Welsh correction considering that the groups have possibly unequal variances and (B) Mann–Whitney rank-test comparing each group to the PBS

injected control group. *p < 0.05, **p < 0.01, ***p < 0.001. FIA, Freund’s incomplete adjuvant.
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immunostained a dominant band with the size of AsaP1wt

(19 kDa) in the ECP (indicated by an arrow).
The results from ELISA and Western blot analysis

indicate that all four mutants induced specific anti-AsaP1
immunity, but also that AsaP1E294A has the highest
antigenicity.

4. Discussion

In this study, toxoids of the extracellular protease AsaP1
of A. salmonicida subsp. achromogenes were successfully
constructed, recombinantly expressed and functionally
characterised. Toxoid construction was realised by point
mutations in the asaP1 gene replacing single amino acid
residues, which are assumed to be mandatory for the
catalytic mechanism. Furthermore, the AsaP1rec protein
was recombinantly expressed and isolated and its activity
was compared to that of the native AsaP1wt peptidase.

Glu294 within the conserved HExxH motif, which is
crucial for catalysis in other zinc peptidases (Hooper,
1994), was replaced by alanine and glutamine, resulting in
the caseinolytic inactive mutants AsaP1E294A and Asa-
P1E294Q, confirming the catalytic role of Glu294. Within the
central GTxDxxYG motif of aspzincin metalloproteases,
Tyr309 has been supposed to support substrate recogni-
tion and to stabilise the tetrahedral intermediate of the
catalysed reaction (Hori et al., 2001), comparable to the
oxyanion hole in serine proteases (Bryan et al., 1986;
Kraut, 1977). This amino acid residue was replaced by
alanine and phenylalanine in AsaP1Y309A and AsaP1Y309F,
respectively.

Besides, the recombinant AsaP1rec only AsaP1Y309F
shows caseinolytic activity detected in a zymogram at
22 kDa, the size of the processed enzyme expressed in E.

coli (Hvanndal, 2003). AsaP1Y309A has no remaining
caseinolytic activity, indicating the importance of Tyr309
in the catalytic mechanism. Recombinant AsaP1rec is
caseinolytic active without any activation procedure, in
contrast to pro-deuterolysin, that has to be activated by
ZnCl2 or incubation with trypsin (Fushimi et al., 1999).

The other mutants, AsaP1E294A, AsaP1E294Q, and Asa-
P1Y309A were caseinolytic inactive, but all four mutants,
including AsaP1Y309F were found to be non-lethal to Arctic
charr despite a high injection dose. His-tag purified
proteins were i.p. injected in 100-fold higher concentra-
tions (3 mg/g fish) than the LD50 (0.03 mg/g fish) of native
AsaP1 purified from ECP of A. salmonicida subsp. achro-

mogenes for immunisation of Arctic charr fingerlings. The
recombinant AsaP1 protease was also highly aggressive
against the expressing E. coli strain, lysing bacterial cells, as
indicated by steadily decreasing OD of E. coli culture
starting 6 h after induction of AsaP1rec expression.
Purification of AsaP1rec was also problematic due to its
self-degradation.

A. salmonicida subsp. achromogenes secretes AsaP1wt as
19 kDa mature enzyme (Arnadottir et al., 2009; Gud-
mundsdottir et al., 1990), but AsaP1rec is processed to a
protein of about 22 kDa in E. coli that is not secreted, but
found in the periplasma and cytoplasma, respectively.
Only a negligible part of the recombinant protein is
detected by Western blot at migration distance that might

correspond to 19 kDa in high protein concentrations of
active AsaP1rec and a mixture of inactive AsaP1E294A and
AsaP1rec after >7 d of incubation. Loss in enzymatic
activity of AsaP1rec compared to AsaP1wt is presumably
caused by different processing statuses. However, it has
been shown that pathological changes in Atlantic salmon
induced by AsaP1wt and AsaP1rec are comparable (Hvann-
dal, 2003). It remains to be elucidated, whether AsaP1wt is
further processed, for example by translocation over the
outer membrane, presumably leading to the size differ-
ence.

The processing to the mature enzyme is strongly
dependent on protease activity, as inactive mutants of
AsaP1 remained at the status of the unprocessed precursor,
which is indicated by the size of 37 kDa. AsaP1rec was able
to process inactive mutants. However, if EDTA was added,
the inactive mutants remained unprocessed. These results
indicate an autocatalytic processing step, as suggested for
deuterolysin by Fushimi et al. (1999). Maturation pro-
cesses of thermolysin like proteases representing gluzin-
cins and of astacin as an example for metzincins have been
described in the literature (Gao et al., 2010; Guevara et al.,
2010). The maturation mechanism of aspzincins is only
poorly described so far (Fushimi et al., 1999).

All four mutants are detectable by polyclonal, murine
a-AsaP1 antibodies, showing that the epitopes recognised
by the antibodies are not lost by exchange of amino acids.
Furthermore, all four AsaP1 mutants are non-toxic, and
immunogenic in Arctic charr. Antibodies in the sera of
Arctic charr, immunised with the different AsaP1 mutants,
were specific against AsaP1wt protease secreted by A.

salmonicida subsp. achromogenes. These results show that
four toxoids were genetically established: AsaP1E294A;
AsaP1E294Q; AsaP1Y309A; and AsaP1Y309F. The AsaP1E294A
mutant was the most potent immunogen of the four
mutants and its antigenicity was significantly better than
that of AsaP1E294Q. The difference is most likely due to
variations in the side chains of Ala and Glu, but more
studies are required to describe its nature. Antigenicity of
AsaP1Y309A and AsaP1Y309F was comparable. It is note-
worthy, that AsaP1E294A emulsified with adjuvant raised a
significantly improved antibody response, in contrast to its
injection without adjuvant, demonstrating the importance
of adjuvants for vaccine development.

The toxoids of AsaP1 are interesting targets for vaccine
development. AsaP1 is highly immunogenic and passive
immunisation with anti-AsaP1 antibodies gives a protec-
tion against A. salmonicida subsp. achromogenes infection
in Atlantic salmon (Gudmundsdottir and Magnadottir,
1997). It has been reported that infection with an asaP1

deletion strain of A. salmonicida subsp. achromogenes

Keldur265-87 leads to a 10-fold (Arctic charr) and 5-fold
(Atlantic salmon) increased LD50 compared to its wild type.
Massive colonisation of organs by the asaP1 deletion
mutant, not seen by the wild type, indicates an important
role of the extracellular toxin AsaP1 in evoking the
immune response in fish (Arnadottir et al., 2009). It is
possible to inactivate AsaP1 by formalin and heat
treatment, which may affect other important bacterial
antigens. Studies on the diphtheria vaccine have shown
that the genetically inactivated toxin is much more
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efficient as vaccine compared to the chemically inactivated
toxin (Giannini et al., 1984; Robbins et al., 2005). The
development of the enzymatically inactive but highly
immunogenic AsaP1E294A toxoid is therefore considered to
be an improvement to the chemically inactivated toxin,
considering the use of AsaP1 as a vaccine component.

Bacteria of the same genus as A. salmonicida: Aeromonas

hydrophila and Aeromonas caviae, which both are human
pathogens, produce AsaP1-like proteases (Beatson et al.,
2011; Seshadri et al., 2006). This and the importance of the
extracellular protease, AsaP1, in virulence of A. salmonicida

subsp. achromogenes make it an interesting target for more
studies on its processing and the role of its pre-pro-
peptide.

Further studies of the potency of the toxoids, especially
the AsaP1E294A toxoid, in inducing protection against
atypical furunculosis caused by A. salmonicida subsp.
achromogenes are also highly significant.
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Häse, C.C., Finkelstein, R.A., 1993. Bacterial extracellular zinc-containing
metalloproteases. Microbiol. Rev. 57, 823–837.

Hooper, N.M., 1994. Families of zinc metalloproteases. FEBS Lett. 354, 1–6.
Hori, T., Kumasaka, T., Yamamoto, M., Nonaka, N., Tanaka, N., Hashimoto,

Y., Ueki, U., Takio, K., 2001. Structure of a new ‘aspzincin’ metalloen-
dopeptidase from Grifola frondosa: implications for the catalytic
mechanism and substrate specificity based on several different crys-
tal forms. Acta Crystallogr. 57, 361–368.

Hvanndal, I., 2003. A study of the gene enconding the bacterial protein
toxin AsaP1 of Aeromonas salmonicida. MSc Thesis. Faculty of Sciences,
University of Iceland, Reykjavik.

Kitchin, N.R., 2011. Review of diphtheria, tetanus and pertussis vaccines
in clinical development. Expert Rev. Vaccines 10, 605–615.

Kraut, J., 1977. Serine proteases: structure and mechanism of catalysis.
Annu. Rev. Biochem. 46, 331–358.

Laemmli, U., 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227, 680–685.

Magnadottir, B., Gudmundsdottir, B.K., 1992. A comparison of total and
specific immunoglobulin levels in healthy Atlantic salmon (Salmo
salar L.) and in salmon naturally infected with Aeromonas salmonicida
subsp. achromogenes. Vet. Immunol. Immunopathol. 32, 179–189.

Robbins, J.B., Schneerson, R., Trollfors, B., Sato, H., Sato, Y., Rappuoli, R.,
Keith, J.M., 2005. The diphtheria and pertussis components of
diphtheria–tetanus toxoids–pertussis vaccine should be genetically
inactivated mutant toxins. J. Infect. Dis. 191, 81–88.

Schwenteit, J., Gram, L., Nielsen, K.F., Fridjonsson, O.H., Bornscheuer, U.T.,
Givskov, M., Gudmundsdottir, B.K., 2011. Quorum sensing in Aero-
monas salmonicida subsp. achromogenes and the effect of the auto-
inducer synthase AsaI on bacterial virulence. Vet. Microbiol. 147,
389–397.

Seshadri, R., Joseph, S.W., Chopra, A.K., Sha, J., Shaw, J., Graf, J., Haft, D., Wu,
M., Ren, Q., Rosovitz, M.J., Madupu, R., Tallon, L., Kim, M., Jin, S., Vuong,
H., Stine, O.C., Ali, A., Horneman, A.J., Heidelberg, J.F., 2006. Genome
sequence of Aeromonas hydrophila ATCC 7966T: jack of all trades. J.
Bacteriol. 188, 8272–8282.

Wandersman, C., 1989. Secretion, processing and activation of bacterial
extracellular proteases. Mol. Microbiol. 3, 1825–1831.

Wegerer, A., Sun, T., Altenbuchner, J., 2008. Optimization of an E. coli L-
rhamnose-inducible expression vector: test of various genetic mod-
ule combinations. BMC Biotechnol. 8, 2.

Zheng, L., Baumann, U., Reymond, J.L., 2004. An efficient one-step site-
directed and site-saturation mutagenesis protocol. Nucleic Acids Res.
32, e115.

J. Schwenteit et al. / Veterinary Microbiology 162 (2013) 687–694694



  

 

Paper IV 

Paper IV 





Construction of Aeromonas salmonicida subsp.
achromogenes AsaP1-toxoid strains and study
of their ability to induce immunity in Arctic char,
Salvelinus alpinus L.

J M Schwenteit1,2, B Weber3, D L Milton2,3, U T Bornscheuer4 and

B K Gudmundsdottir1,5

1 Institute for Experimental Pathology, University of Iceland, Keldur, Reykjav�ık, Iceland

2 Southern Research Institute, Birmingham, AL, USA

3 Department of Molecular Biology, Ume�a Centre for Microbial Research (UCMR), Ume�a University, Ume�a,

Sweden

4 Department of Biotechnology and Enzyme Catalysis, Institute of Biochemistry, Greifswald University, Greifswald,

Germany

5 Faculty of Medicine, University of Iceland, Reykjav�ık, Iceland

Abstract

The metalloendopeptidase AsaP1 is one of the
major extracellular virulence factors of A. salmoni-
cida subsp. achromogenes, expressed as a 37-kDa
pre-pro-peptide and processed to a 19-kDa active
peptide. The aim of this study was to construct
mutant strains secreting an AsaP1-toxoid instead
of AsaP1-wt, to study virulence of these strains
and to test the potency of the AsaP1-toxoid bac-
terin and the recombinant AsaP1-toxoids to
induce protective immunity in Arctic char. Two
A. salmonicida mutants were constructed that
secrete either AsaP1E294A or AsaP1Y309F. The
secreted AsaP1Y309F-toxoid had weak caseinolytic
activity and was processed to the 19-kDa peptide,
whereas the AsaP1E294A-toxoid was found as a
37-kDa pre-pro-peptide suggesting that AsaP1 is
auto-catalytically processed. The LD50 of the Asa-
P1Y309F-toxoid mutant in Arctic char was signifi-
cantly higher than that of the corresponding wt
strain, and LD50 of the AsaP1E294A-toxoid mutant
was comparable with that of an AsaP1-deficient
strain. Bacterin based on AsaP1Y309F-toxoid

mutant provided significant protection, compara-
ble with that induced by a commercial polyvalent
furunculosis vaccine. Detoxification of AsaP1 is
very hard, expensive and time consuming. There-
fore, an AsaP1-toxoid-secreting mutant is more
suitable than the respective wt strain for produc-
tion of fish bacterins aimed to protect against
atypical furunculosis.

Keywords: Aeromonas salmonicida subsp. achromog-
enes, Arctic char, AsaP1-toxoid, bacterin, extracel-
lular protease AsaP1, Salvelinus alpinus L.

Introduction

Aeromonas salmonicida subsp. achromogenes is a
pathogen of salmonids and many other fish spe-
cies, causing atypical furunculosis, which can cause
high economic loses (Gudmundsdottir & Bjorns-
dottir 2007).
Commercially available vaccines against furun-

culosis are bacterins that are most often polyvalent
and contain killed A. salmonicida subsp. salmonici-
da as an antigen. Bacterins based on A. salmonici-
da subsp. salmonicida can cross-protect against
A. salmonicida subsp. achromogenes, but all avail-
able publications are based on experimental
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vaccinations with monovalent bacterinssub (Gu-
dmundsdottir & Bjornsdottir 2007). However,
there have been problems on many fish farms in
Iceland with atypical furunculosis occurring in
Arctic char, Salvelinus alpinus L., vaccinated with
commercial furunculosis vaccines, especially in
stressful conditions and after approximately 1600
degree days in culture (G�ısli J�onsson, Veterinary
Officer for Fish Diseases in Iceland, personal
communications). Studies show that efficacy of
inactivated extracellular products (ECP) to evoke
protective immunity in fish against bacterial infec-
tions and the protection induced by the ECP of
A. salmonicida subsp. achromogenes correlate with
an increased antibody response against the
extracellular protease AsaP1 (Santos et al. 1991;
Magari~nos et al. 1994; Gudmundsdottir & Mag-
nadottir 1997; Gudmundsdottir et al. 1997;
Collado et al. 2000).
AsaP1 is a metalloendopeptidase that is

expressed by A. salmonicida subsp. achromogenes
as a 37-kDa pre-pro-peptide, which is processed
to the highly toxic 19-kDa mature enzyme
(Gudmundsdottir, Hastings & Ellis 1990;
Arnadottir et al. 2009). Previously, four different
AsaP1-toxoids, AsaP1E294A, AsaP1E294Q Asa-
P1Y309F and AsaP1Y309A, were constructed and
recombinantly produced in E. coli (Schwenteit
et al. 2013). Toxoid AsaP1Y309F, expressed in E.
coli, showed reduced caseinolytic activity and was
processed to a 22-kDa peptide similar in size to
the recombinant wild type (wt) AsaP1, whereas
the other toxoids showed no caseinolytic activity
and remained as the unprocessed 37-kDa pre-
pro-peptide. All four AsaP1 mutants induced an
antibody response in Arctic char. Before its use
in fish vaccines, the AsaP1 wt must be detoxified,
but the necessary procedure is harsh, expensive
and time consuming, as it involves overnight di-
alysing in PBS containing protease inhibitors and
incubation in formalin for 7 days at 22 °C, fol-
lowed by dialysis in water (Gudmundsdottir et al.
1997). There is no available data showing that
the prolonged procedure harm important bacte-
rial antigens, but treatment of antigens that
induce protection should always be kept at
minimum.
The main aim of this study was to construct

an A. salmonicida subsp. achromogenes strain that
produces an AsaP1-toxoid instead of the wt
enzyme that can be used for production of fish
bacterins.

Materials and methods

Bacterial strains, plasmids and growth
conditions

All bacterial strains and plasmids used in this
study are listed in Table 1. Aeromonas strains were
grown in brain heart infusion media (BHI, Fluka/
Sigma-Aldrich) and E. coli strains in Luria–
Bertani-media (LB, Roth). Growth medium was
supplemented with 1.5% (w/v) agar (Difco) when
appropriate. Liquid cultures were routinely grown
with agitation (180 rpm) at 16 °C for Aeromonas
strains and 37 °C for E. coli strains. Bacteria were
grown at room temperature (RT) in case of mat-
ing. All bacterial strains were stored at �80 °C.
Growth kinetics were analysed over 125 h in

three parallel broth cultures, all inoculated to an
initial cell density of 103–104 CFU mL�1 from
precultures. Bacterial concentrations at T0 were
determined by plating and counting colony form-
ing units (CFU mL�1) due to the low dilution.
All later time points were analysed using FACS
(Cyflow space, Partec).

Construction of A. salmonicida subsp.
achromogenes AsaP1-toxoid mutants

Two A. salmonicida subsp. achromogenes AsaP1-
toxoid mutants, secreting the toxoids AsaP1E294A
and AsaP1Y309F, respectively, were constructed by
allelic exchange. All primers used for isolation of
the asaP1 gene region, mutant construction and
sequencing are listed in Table 2. The toxoid genes,
previously constructed in pJoe (Schwenteit et al.
2013), were cloned into the suicide vector pDM4
using SacI and SpeI restriction sites (Milton et al.
1996). The resulting plasmids, pDM4_asaP1::
E294A and pDM4_asaP1::Y309F, were first trans-
formed into E. coli DH5apir (Dunn, Martin &
Stabb 2005), due to better transformation rate, fur-
ther isolated and transformed into E. coli S17.1
(Simon, Priefer & P€uhler 1983), which is able to
conjugate to A. salmonicida subsp. achromogenes.
The pir gene is essential to replicate the suicide vec-
tor pDM4 (Kolter, Inuzuka & Helinski 1978). The
two bacteria were mixed in a ratio of 10:1 A. sal-
monicida subsp. achromogenes wt strain Keldur265-
87: E. coli S17.1, spotted on BHI agar and incu-
bated at RT for 18 h. Bacteria was first selected on
BHI plates containing 50 lg mL�1 Amp and
25 lg mL�1 Cam for a single crossover and further
a double crossover using 5% sucrose BHI agar, as
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sucrose is lethal for cells expressing the levansucrase
encoded on the suicide vector pDM4 (Gay et al.
1983). Colonies were patched on milk (1%
skimmed milk) and Cam BHI plates
(25 lg mL�1). A clone was considered positive, if
it was caseinase negative and Cam sensitive. The
selected clones were single colony isolated and con-
firmed by sequencing the DNA locus encoding the
asaP1 gene.
Complementation of the mutations by reverse

allelic exchange was performed according to the
same protocol, but using pDM4 carrying the

asaP1 wt allele (pDM4_asaP1wt). The resulting
transconjugates were screened for caseinase posi-
tive clones before confirmation by sequencing.

AsaP1-toxoid secretion and caseinolytic activity
of the A. salmonicida subsp. achromogenes
toxoid mutants

Expression and secretion of AsaP1 and its toxoids
by A. salmonicida subsp. achromogenes were
detected by Western blot analyses of the ECP
using polyclonal murine a-AsaP1 antibodies, as

Table 1 Bacterial strains and plasmids used in the study

Strains or plasmids Properties Source

Strains

A. salmonicida subsp. achromogenes

Keldur265-87 Isolate from diseased

Atlantic salmon, Salmo salar L.

Gudmundsdottir et al. (1990)

Keldur265-87-2 DasaP1::kan derived

from Keldur265-87

Arnadottir et al. (2009)

Keldur265-87-4 DasaP1::asaP1E294A derived

from Keldur265-87

This study

Keldur265-87-5 DasaP1::asaP1wt derived from

Keldur265-87-4, using pDM4_asaP1wt

This study

Keldur265-87-6 DasaP1::asaP1Y309F derived

from Keldur265-87

This study

Keldur265-87-7 DasaP1::asaP1wt derived from

Keldur265-87-6, using pDM4_asaP1wt

This study

E. coli

DH5apir supE44DlacU169 (Ф80lacZ_M15) hsdR17

recA1 endA1 gyrA96 thi-1 relA1 pir

Dunn et al. (2005)

S17.1 thi pro hsdR hsdM+recA[RP4 2-Tc::

Mu-Km::Tn7(TprSmr)Tra+] Mobilizing

donor for conjugation

Simon et al. (1983)

Plasmids

pJoe_asaP1::E294A Apr, rhaBAD, vector for cloning and expression

containing the allele of AsaP1E294A toxoid

Schwenteit et al. (2013)

pJoe_asaP1:: Y309F Apr, rhaBAD, vector for cloning and expression

containing the allele of AsaP1Y309F toxoid

Schwenteit et al. (2013)

pDM4 Cmr; suicide vector with an R6K origin

(pir requiring) and sacBR of Bacillus subtilis

Milton et al. (1996)

pDM4_asaP1::E294A Cmr; pDM4 containing the mutant allele of

AsaP1E294A toxoid

This study

pDM4_asaP1::Y309F Cmr; pDM4 containing the mutant allele of

AsaP1Y309F toxoid

This study

pDM4_asaP1wt Cmr; pDM4 containing the wt allele of AsaP1 This study

Table 2 Primers applied for isolation of genomic asaP1 region, mutant construction and sequencing

Primer Sequence Application

asaP1-SpeI-f 50-ACTAGTGGCGAGCACATAGTGCAGGGTGAGC-30 Cloning

asaP1-SacI-r 50-GAGCTCCTATCTGGCAGTCGCGGCCC-30 Cloning

asaP1-primer 1-r 50-GTTGCCCTGGCTCAGCAGC-30 Sequencing

asaP1-primer 2-f 50-CTGCTCTAGGGTGAGTGGGC-30 Sequencing

asaP1-primer 3-f 50-CGGGTCTCTATGACATGAGTGC-30 Sequencing

asaP1-primer 4-f 50-CAAGCCGCTCACCTTTGAC-30 Sequencing

asaP1-primer 5-f 50-CTGTCGGTCAAGGCACACAG-30 Sequencing

asaP1-primer 6-f 50-GCCATCAGTTTCACCCGGTT-30 Sequencing

asaP1-reg-f 50-CGAGGTGAACGCCAAGCTG-30 Isolation of asaP1 region

asaP1-reg-r 50-GGAACAGGCAAGCAGACCC-30 Isolation of asaP1 region
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previously described (Gudmundsdottir et al.
2003). Caseinolytic activity was analysed spectro-
photometrically at 450 nm (A450) using azo-casein
as substrate, as previously described (Gudmunds-
dottir 1996) and in a casein zymogram performed
as described by Gudmundsdottir (1996), using
12% gels supplemented with 0.1% casein.

Experimental fish

Arctic char from �Islandsbleikja, Iceland, free of
previous infections, according to standard routine
diagnostic procedures performed at the Icelandic
Fish-Disease Reference Laboratory, were used for
vaccination and challenge. Fish were acclimatized
for 1 week prior to treatment and anaesthetized
with tricaine methane sulfonate (50 mg L�1) and
MS222 (PHARMAQ; Vistor hf.). Fish were
marked with Visible Implant Fluorescent Elasto-
mer dye (Northwest Marine Technology). Oxygen
concentration, temperature and mortality were
monitored daily over the experimental period, and
the fish were fed to appetite with commercial pel-
lets (Lax�a hf.). The experiments were approved
and performed according to the Icelandic Animal
Research Authority (approval no. YDL03080041/
023BE).

Estimation of LD50 and MDD of the A.
salmonicida subsp. achromogenes AsaP1-toxoid
mutants in Arctic char

Virulence of the A. salmonicida subsp. achromoge-
nes AsaP1-toxoid mutants AsaP1E294A (Keldur265-
87-4) and A. salmonicida subsp. achromogenes Asa-
P1Y309F (Keldur265-87-6) and their corresponding
complemented strains (Keldur265-87-5 and Kel-
dur265-87-7, respectively) were analysed by com-
paring the fifty per cent lethal dose (LD50)
calculated according to the method of Reed and
Muench (Reed & Muench 1938) and by the
mean day to death (MDD) calculated as previ-
ously published (Schwenteit et al. 2011). The wt
strain Keldur265-87 and the AsaP1-deficient
strain Keldur265-87-2 served as controls.
Arctic char (A: 44.7 � 8 g and B:

31.1 � 7.0 g), kept in 70-L tanks supplied with
continuously running fresh water (A: 9 � 1 °C
and B: 11 � 1 °C), were i.p. challenged with
100 lL of different concentrations of three times
passed A. salmonicida subsp. achromogenes strains
(Table 3). Infection was confirmed by re-isolation

of the respective bacterium. The isolates were con-
firmed to be Aeromonas salmonicida by the Mono-
As agglutination kit (BIONOR AS) and the
respective mutant by streak out on 1% skimmed
milk BHI plates and sequencing.

Vaccination experiment

The experimental bacterin based on strain Kel-
dur265-87-6 was prepared from 50 mL broth
cultures inoculated with ~107 CFU of Keldur265-
87-6 toxoid strain and incubated for 96 h result-
ing in a culture with OD600 nm = 0.8. To kill
bacterial cells, formaldehyde was added to a con-
centration of 2% (v/v) and cultures were incu-
bated for 24 h at RT. Finally, the culture was
dialysed against dH2O, using a 12-kDa molecular
weight cut-off membrane and emulsified with Fre-
und’s incomplete adjuvant (FIA) (Sigma-Aldrich,
Groco) (1:1), resulting in the experimental
bacterin.
Recombinant AsaP1-toxoids, produced as previ-

ously described (Schwenteit et al. 2013), were
emulsified with FIA (1:1), adjusted to a final con-
centration of 666 lg protein mL�1 vaccine. Arctic
char (34 � 7 g) were vaccinated i.p. with 100 lL
vaccine/fish (Keldur265-87-6-bacterin, N = 51;
rec. AsaP1E294A – toxoid, N = 51; rec. AsaP1Y309F
– toxoid, N = 50; PBS + FIA, N = 51; PBS,
N = 56; ALPHAJECT�5-3, N = 51). Fish vacci-
nated with a commercial fish vaccine, ALPHA-
JECT�5-3 (PHARMAQ), which is a polyvalent
bacterin based on A. salmonicida subsp. salmonici-
da, Vibrio anguillarum O1, Vibrio salmonicida,
and Moritella viscosa, was used as a positive con-
trol. PBS and PBS emulsified with FIA served as
negative controls. Fish were kept in 400-L tanks
with continuously running fresh water at
10 � 2 °C and a fish density of 3 kg per tank or
less. Challenges were performed 12 weeks post-
vaccination by i.p. injection of ~104 and
~105 CFU/fish of the wt strain Keldur265-87.
Control fish received PBS only. A. salmonicida
subsp. achromogenes infection was confirmed as
described above.

Statistical analysis

Student’s t-test was used to calculate significances
between growth and characteristics of bacterial
strains. To compare the MDDs of different groups,
Kruskal–Wallis test was applied as oneway ANOVA

4

Journal of Fish Diseases 2014 J M Schwenteit et al. A. salmonicida secreting AsaP1-toxoid

� 2014

John Wiley & Sons Ltd



combined with Dunn’s multiple comparison test as
a post-test to compare all pairs of columns. Fisher’s
exact test was applied to calculate significances of
accumulated mortalities between experimental
groups and the Gehan–Breslow–Wilcoxon test was
used to compare survival curves. The threshold level
for significance was 0.05.

Results

A. salmonicida subsp. achromogenes strains
producing AsaP1E294A- and AsaP1Y309F-toxoids
instead of the toxic AsaP1 peptidase

Two A. salmonicida subsp. achromogenes AsaP1-tox-
oid mutants, Keldur265-87-4 (producing Asa-
P1E294A) and Keldur265-87-6 (producing
AsaP1Y309F), were successfully constructed and con-
firmed by sequencing. To assure that the mutant
construction caused no other, undesired mutation,
the respective complementing mutants, Keldur265-
87-5 and Keldur265-87-7, were constructed and
analysed in parallel with the toxoid mutant strains.
Both toxoid producing strains, the wt strain,

and the complementing mutant had comparable
growth rates (Fig. 1). Furthermore, all analysed
strains, excluding the AsaP1-deficient strain Kel-
dur265-87-2, secreted the AsaP1-toxin or the cor-
responding toxoid, detected by a-AsaP1
antibodies in a Western blot (Fig. 2). Toxoid

AsaP1Y309F was secreted as 19-kDa peptide similar
to the AsaP1 wt (Fig. 2b, lanes 4 and 5), but the
toxoid AsaP1E294A was secreted as the unprocessed
AsaP1, 37-kDa peptide (Fig. 2a, lanes 3, 4 and
5). Smaller peptides (22 kDa and 19 kDa) were
detected in the ECPs obtained from toxoid Asa-
P1E294A by the specific a-AsaP1 antibody after
168 h of growth (Fig. 2a, lane 5).
Analyses of caseinolytic activity, shown in

Fig. 3a, revealed a lack of caseinolytic activity in
the ECPs of Keldur265-87-2 (AsaP1-deficient)
and Keldur265-87-4 (AsaP1E294A–toxoid) and
comparable caseinolytic activity of both comple-
mentation-mutants as the wt strain Keldur265-87.
The azocaseinase assay used was not able to clearly
detect caseinolytic activity in the ECP of strain
Keldur265-87-6 (AsaP1Y309F-toxoid) obtained
after 125 h in culture, but a casein zymogram
using ECPs obtained after 96-h culture revealed
reduced caseinolytic activity in the ECP of strain
Keldur265-87-6 (Fig. 3b).

Mortality of Arctic char infected with A.
salmonicida subsp. achromogenes strains
producing AsaP1-toxoids

The two toxoid mutant strains, Keldur265-87-4
(AsaP1E294A) and Keldur265-87-6 (AsaP1Y309F),
were used in two separate challenge experiments,
A and B, which differed in size of fish

Table 3 Percentage accumulated mortality (% mortality), LD50, and mean day of death (MDD) of Arctic char following i.p. injec-

tion of toxoid mutant strains Keldur265-87-4 and Keldur265-87-6 and their corresponding complementing mutants Keldur265-87-

5 and Keldur265-87-7. The wt strain Keldur265-87 and its isogenic AsaP1-deficient mutant Keldur265-87-2 served as controls,

(n = 10)

A
Wt Keldur265-87

AsaP1Y309F mutant

Keldur265-87-6

AsaP1Y309F complementing

mutant Keldur265-87-7

CFU/fish % Mortality MDD % Mortality MDD % Mortality MDD

~106 100 8 100 7

~105 89 12 64 13 78 9

~104 67 13 13 10 22 9

~103 17 15 17 20 19 12

LD50 1.4 9 104 CFU/fish 1.2 9 105 CFU/fish 7.3 9 104 CFU/fish

B

AsaP1-deficient mutant

Keldur265-87-2

AsaP1E294A mutant

Keldur265-87-4

AsaP1E294A complementing

mutant Keldur265-87-5

CFU/fish % Mortality MDD % Mortality MDD % Mortality MDD

~106 100 8 100 8 100 7

~105 70 9 80 10 90 8

~104 60 12 60 11 80 10

~103 30 11 30 15 50 11

LD50 1.6 9 104 CFU/fish 2.3 9 104 CFU/fish 6.4 9 103 CFU/fish
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(A: 44.7 � 8 g; B: 31.1 � 7.0 g), water tempera-
ture (A: 9 � 1 °C; B: 11 � 1 °C) and season
(A: February; B: July). Results from comparing
the virulence of the wt and mutant strains are
shown in Table 3. The LD50 calculated 16 day
post-infection of strain Keldur265-87-6 (Asa-
P1Y309F-toxoid) in Arctic char (1.2 9 105 CFU/
fish) was significantly higher compared with that
of the corresponding wt strain, Keldur265-87
(1.4 9 104 CFU/fish) (P = 0.0302) (Table 3A).
Furthermore, the LD50 of strain Keldur265-87-4
(2.3 9 104 CFU/fish) in Arctic char was not sig-
nificantly different from that of the AsaP1-defi-
cient strain Keldur265-87-2 (1.6 9 104 CFU/fish)
(P = 1.0000) (Table 3B). This shows that the vir-
ulence of the toxoid mutant is comparable with
that of the AsaP1-deficient strain. Complementa-
tion of the AsaP1 mutation, Keldur265-87-7

(LD50 = 7.3 9 104 CFU/fish) (Table 3A), was
neither significantly different from that of Kel-
dur265-87 nor Keldur265-87-6 (P = 0.4521;
P = 0.4571). Likewise, calculated MDD’s evoked
by the three analysed strains showed no significant
differences (P = 0.6436) (Table 3A).

Protection of Arctic char induced by a bacterin
based on strain Keldur265-87-6 (AsaP1Y309F-
toxoid)

The percentage accumulated mortalities of vacci-
nated fish challenged with the wt strain, Kel-
dur265-87, 12 weeks post-vaccination are shown
in Fig. 4. The experimental bacterin based on
strain Keldur265-87-6 (AsaP1Y309F-toxoid)
induced protection in Arctic char (P < 0.0001)
that was comparable (P = 0.5676) with the pro-
tection induced by the commercial polyvalent vac-
cine ALPHAJECT�5–3. The protection raised by
the experimental bacterin was significantly better,
than that induced by the recombinant AsaP1E294A
(P = 0.0074) and AsaP1Y309F (P = 0.0043) toxoid
protein vaccines, respectively. Both AsaP1Y309F
and AsaP1E294A toxoid protein vaccines induced
significant protection when compared to the PBS
control group (P = 0.0001 and P = 0.0002), but
the protection did not differ significantly from
that of the PBS/FIA control group (P = 0.0701
and P = 0.0765), indicating the role of the oil
adjuvant in the protection that was induced.

Discussion

In this study, two strains of A. salmonicida subsp.
achromogenes, Keldur265-87-4 and Keldur265-87-6

Figure 1 Comparison of growth of different A. salmonicida

subsp. achromogenes strains measured in log10 CFU mL�1,

monitored by FACS analyses at different time points over a

period of 125 h. The strains are wild type, Keldur265-87;

AsaP1-deficient, Keldur265-87-2; AsaP1E294A, Keldur265-87-4;

AsaP1E294A complementing mutant (cm), Keldur265-87-5;

AsaP1Y309F, Keldur294-87-6; and AsaP1Y309F cm, Keldur265-

87-7.

(a) (b)

Figure 2 Analyses of AsaP1E294A-toxoid (a) and AsaP1Y309F-toxoid (b) in B-ECP of A. salmonicida subsp. achromogenes strain Kel-

dur265-87-4 and Keldur265-87-6, respectively, at several time points (lanes 2-5), using polyclonal murine a-AsaP1 antibodies. B-

ECP of the AsaP1-deficient strain Keldur265-87-2 (DasaP1) served as negative control (a and b lane 1), whereas B-ECP of the wt

Keldur265-87 (a and b lane 6) and the respective complementing mutants (cm), Keldur265-87-5 (a lane 7) as well as Keldur265-

87-7 (b lane 7) served as positive controls.
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that secret the toxoids AsaP1E294A and AsaP1Y309F,
respectively, instead of AsaP1-wt were successfully
constructed by allelic exchange. The bacterin based
on Keldur265-87-6 was found to protect Arctic
char significantly better against atypical furunculo-
sis compared with negative control groups. The
protection was comparable with that induced by a
commercial polyvalent furunculosis vaccine.
The results of the present study clearly show

that AsaP1 is an auto-catalytically processed metal-
loendopeptidase. The mutant Keldur265-87-4
secretes AsaP1E294A-toxoid as a 37 kDa pre-pro-
peptide, which remains unprocessed up to 72 h of
cultivation, whereas the still active toxoid Asa-
P1Y309F is found extracellular as mature 19-kDa

enzyme like that of the wt AsaP1 peptidase (Arna-
dottir et al. 2009). In a previous study, recombi-
nant AsaP1E294A-toxoid produced by E. coli was
also expressed as a 37 kDa pre-pro-protein lacking
caseinolytic activity and the recombinant Asa-
P1Y309F-toxoid had reduced caseinolytic activity,
compared with the recombinant wt protein, but
was processed to the mature size of 22 kDa in E.
coli (Schwenteit et al. 2013).
Due to limited wet laboratory conditions, sepa-

rate mortality experiments were performed for
each AsaP1-toxoid strain. Experiment A was per-
formed in February and the tank water was in
average 2 °C colder than in experiment B that
took place in July. The different physical and

(a) (b)

Figure 3 Caseinase activity in ECP of A. salmonicida subsp. achromogenes AsaP1-toxoid mutant strains (Keldur265-87-4 and Kel-

dur265-87-6), the corresponding complementing mutants (cm) (Keldur265-87-5 and Keldur265-87-7), and as controls wt strain

Keldur265-87 and the AsaP1-deficient strain (Keldur265-87-2) measured spectrophotometrically at 450 nm (a); and in a casein

zymogram containing 0.1% casein (b).

Figure 4 Accumulated mortality of Arctic char challenged by i.p. injection with A. salmonicida subsp. achromogenes strain Kel-

dur265-87, twelve weeks post-vaccination with experimental vaccines emulsified in an oil adjuvant (FIA). AsaP1Y309F-toxoid bac-

terin, a bacterin based on the toxoid strain Keldur265-87-6 (N = 51; pPBS < 0.0001, pFIA < 0.0001); AsaP1E294A (N = 51;

pPBS = 0.0002, pFIA = 0.0756) and AsaP1Y309F (N = 50; pPBS = 0.0001, pFIA = 0.0701) recombinant toxoids 66 lg per fish; and

the polyvalent commercial injection vaccine ALPHAJECT�5-3 serving as positive control (N = 51; pPBS < 0.0001, pFIA < 0.0001).

Fish injected with PBS (N = 56; pFIA = 0.0574) and PBS emulsified with FIA (N = 51; pPBS = 0.0574), served as negative

controls.
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environmental conditions of the fish in the two
experiments are unfavourable, and the two experi-
ments cannot be directly compared. The results,
however, clearly show that the AsaP1Y309F- toxoid
mutant has impaired virulence compared with
the wt strain, which was recovered in the respec-
tive complementing mutant. The AsaP1-deficient
strain has been previously shown to have
impaired virulence (Arnadottir et al. 2009), and
in this study, the virulence of the AsaP1E294A-
toxoid mutant was comparable, but impaired
compared with the respective complementing
mutant.
Protection of fish immunized with toxoid pro-

teins AsaP1E294A and AsaP1Y309F produced by E.
coli was comparable, but not significantly better
than that induced by the adjuvant alone (P =
0.701 and P = 0.0775). In our previous study,
the AsaP1E294A-toxoid was, however, found to
induce significantly higher antibody titres in Arc-
tic char than the AsaP1Y309F-toxoid (Schwenteit
et al. 2013). This indicates that the protection is
more dependent on T-cell responsiveness than
specific antibodies. This is in accordance with
studies showing that a live furunculosis vaccine
that gave good protection stimulated enhanced T-
cell responsiveness in rainbow trout, Oncorhynchus
mykiss Walbaum (Marsden et al. 1996).
Strain Keldur265-87-6 was selected as the

component of an experimental bacterin. The
selection was based on the results of the virulence
studies, the finding that the AsaP1Y309F-toxoid is
secreted in the size of the mature AsaP1 toxin
(19 kDa) and that the two toxoids produced rec-
ombinantly in E. coli are equivalent in inducing
protection in char (our previous unpublished
studies retained in this study). The monovalent
AsaP1-toxoid bacterin induced a significantly
better protection during infection with wt A. sal-
monicida subsp. achromogenes compared with neg-
ative control groups and the protection provided
was comparable with that raised by the commer-
cial polyvalent vaccine. The results are notable,
as polyvalent fish vaccines are more efficient in
inducing protection compared with monova-
lent ones (Gudding et al. 1997; Hoel, Reitan &
Lillehaug 1998).
Toxoids are successfully used to induce protec-

tion against well-known human diseases like diph-
theria and tetanus (Kitchin 2011). Further, it has
been shown that protection induced by the ECP
of A. salmonicida subsp. achromogenes is directly

correlated with a raised specific antibody titre
against AsaP1 (Gudmundsdottir et al. 1997). A
vaccine based on an A. salmonicida subsp. achrom-
ogenes strain was commercially available more than
a decade ago. It was a monovalent autogenous
injection vaccine, IB00 (Alpharma, N. W. Inc.),
containing a mineral oil adjuvant. It was found to
have relatively poor efficacies in Atlantic salmon,
Salmo salar L., against a homologous challenge, in
comparison with experimental monovalent vac-
cines produced by our group that had high AsaP1
concentration (Gudmundsdottir et al. 1997).
Cross protective effects against A. salmonicida
subsp. achromogenes infection in salmon have been
reported for the commercial monovalent furuncu-
losis vaccine Bioject 1500, but it induced less pro-
tection than the autogenous IB00 vaccine
(Gudmundsdottir & Gudmundsdottir 1997).
Experimental vaccinations with bacterins based on
wt A. salmonicida subsp. achromogenes have been
reported for Atlantic salmon, halibut, Hippoglossus
hippoglossus L. and cod, Gadus morhua L. (Gudm-
undsdottir & Bjornsdottir 2007; Lund et al.
2008a; Lund, Mikkelsen & Schroder 2008b), but
there are no previous publications reporting sur-
vival of vaccinated Arctic char challenged with A.
salmonicida. The approach to generate a toxoid-
mutant-based bacterin as is presented here is,
however, completely new for a furunculosis vac-
cine. Further, the present study provides new data
showing that the polyvalent vaccine ALPHA-
JECT�5-3 protects Arctic char well against A. sal-
monicida subsp. achromogenes infection under the
experimental conditions. Survival of char that was
vaccinated with the polyvalent ALPHAJECT�5-3
vaccine was 96% and that of the fish vaccinated
with the monovalent toxoid-mutant-based bacterin
was 92% in a challenge performed 12 weeks from
vaccination, and the difference is not significantly
different (P = 0.5676). As polyvalent fish vaccines
are considered to be more efficient than monova-
lent ones (Gudding et al. 1997), it may be
expected that vaccination efficacy could be
improved if the toxoid-mutant-based bacterin was
in mixture with bacterins based on other bacteria
in a polyvalent vaccine, but this has to be tested.
Challenges of vaccinated fish under experimental
and in aquaculture conditions cannot be directly
compared. Experimental vaccination experiments,
as presented in this study, aim to challenge the
fish when the antibody titre is highest. It is also
well known that environmental conditions affect
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the outcome of fish vaccination and that vaccine
efficacy declines with time.
In the present study, the bacterin based on an

AsaP1-toxoid strain was found to induce good
protection in Arctic char and it is highly interest-
ing to analyse its efficacy in inducing protection
in other species, especially non-salmonid fish. Fur-
ther, it would be highly interesting, to evaluate
whether the addition of the toxoid mutant in
polyvalent furunculosis vaccines would improve
their efficacy to protect fish against A. salmonicida
subsp. achromogenes infection.
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Appendix 

 

Appendix I: asaI gene region (GenBank: GU811648.2). Highlighted are asaR, 

asaI, iciA, Pst-f1 and Pst-r1, Pst-f2 and Pst-r2, asaI-wt-f and asaI-wt-r, a part of 

3-soe-f and 5-soe-r primers. 

  

ACAGCAGCAGATCCCTTGACGCCCGCTCCGGGGTGATGAACGACAGTATGCCGTTTTC

ACCCGCCGCACCGTGCAGCGGAAACGAAATACCGTTTCGCAGCCCGAACTCTGCCGCC

AACCTCATCACATCCAGACTGCCCTCTTGCAGAAAACGCGCCCGTTCATCCAGTCGGT

TCCAATAAATGGGCAAGGTCTGCTTGCGGGCCAGCTGGATGATGGGATCACAGGCCAG

CATATGGTTGGCCGTATAGGCCTGCACCCAGGAGTCAGGGCACTGATTGAACAGCACC

ACCTTGGGCCTTTGCATCGACATGGGAATGATCAGTGCGAACCGGTAGTAGTCATAGC

CCATACCGAGCGTGAATCGACCGATCAACTCGGCCAAACGATCCCCGTCTGTTACCGA

AGTGAAATGTTCGAGGTACTCAAGCAGTTGGTCTTGGTTCATATGCTAGCCCCCCTGG

CCAGGGCCTCGATTATAGCGCCGAACACTGAAATGGAGACATCTGAATGCTTGTTTTC

AAAGGAAAATTAAAAGAACACCCCAGATGGGAGGTAGAAAATGAGCTTTATCGCTTCC

GTAATCGCGTCTTCTCCGATCGTCTCGGCTGGGATGTGGAGTCTCACCGTGGTCTGGA

GCAGGACAGCTTCGACACCCCGGACACCCATTGGGTGCTGATCGAGGACGAAGAAGGC

CTGTGTGGCTGCATCCGTCTGCTCAGTTGCGCCCAGGATTACATGCTGCCCAGCATAT

TCCCCACCGCTCTCGCCGGTGAGGCGCCGCCACGCAGCAGCGATGTGTGGGAACTGAC

TCGCCTAGCCATCGACGCCAACCGGGCGCCGCGCATGGGCAACGGGGTGAGCGAGCTG

ACCTGCGTCATCTTCCGCGAGGTTTATGCCTTCGCCAGGGCGAAGGGGATCCGGGAAC

TGGTCGCCGTGGTCAGCCTGCCGGTGGAGCGTATCTTCCGCCGTCTCGGCCTGCCCAT

AGAGCGACTCGGTCACCGTCAAGCCGTGGATCTGGGCGCCGTGCGCGGGGTCGGAATC

CGCTTTCATCTGGATGAACGTTTCGCCCGTGCCGTCGGCCACCCCATGCAGGGCGAAT

ATGCCGATGCCAGGGAACTGGTCACCGAGTAAACGCCACATAAAAAAATCCCGGGATA

AGGCCCGGGATTAAAAGTTCTCGCTATGGCCCGTTTCCACCCCATGCAAAAACGGACG

CAAAAGAGTATCTCCTGAATACCTTTTGACCACCACTGTCACATCTCGCAGTGACAAA

CCCGCTTTCACCCCGCACACCACGCCAGCCGTGCCTCTCGGCGATCCGGTCAGAGTTT

CGTTGTCGTCCTGCCATCACTCCAGTAGCATCTCTTCTCAATACCCTCTCTGATAAGG

AATGCTGATGAAGGCGTTGGACTACAAGCTGCTGCTGGCGCTGGATGCCGTAATGCAG

GAGCAGAACTTCGAGCGCGCCGCCCAGCGCCTGCACATCACCCAGTCCGCCATCTCAC

AGCGCATCAAGCAGCTGGAACAGCAGTTTGCCGAGCCGCTGCTCATTCGCAGCCAGCC

ACTACAGGCGACCCCCCTTGGCCAAAAGCTGCTGGCCCACTACCGTCAGGTGCCCCAG

CTGGAACTGGAGCTGGCCGGCGAGATCGCGCCCGACGAACC 



  

 

Appendix II: asaI::kan allelic region (GenBank: GU811648.2). Highlighted are 

asaR, kan, iciA, Pst-f1 and Pst-r1, Pst-f2 and Pst-r2, asaI-wt-f and asaI-wt-r, 

soe-primer, kan-f and kan-r. Screening with kan-f and kan-r primers results in a 

471 bp amplification product. 

 

ACAGCAGCAGATCCCTTGACGCCCGCTCCGGGGTGATGAACGACAGTATGCCGTTTTC

ACCCGCCGCACCGTGCAGCGGAAACGAAATACCGTTTCGCAGCCCGAACTCTGCCGCC

AACCTCATCACATCCAGACTGCCCTCTTGCAGAAAACGCGCCCGTTCATCCAGTCGGT

TCCAATAAATGGGCAAGGTCTGCTTGCGGGCCAGCTGGATGATGGGATCACAGGCCAG

CATATGGTTGGCCGTATAGGCCTGCACCCAGGAGTCAGGGCACTGATTGAACAGCACC

ACCTTGGGCCTTTGCATCGACATGGGAATGATCAGTGCGAACCGGTAGTAGTCATAGC

CCATACCGAGCGTGAATCGACCGATCAACTCGGCCAAACGATCCCCGTCTGTTACCGA

AGTGAAATGTTCGAGGTACTCAAGCAGTTGGTCTTGGTTCATATGCTAGCCCCCCTGG

CCAGGGCCTCGATTATAGCGCCGAACACTGAAATGGAGACATCTGAATGAGCCATATT

CAACGGGAAACGTCTTGCTCGAGGCCGCGATTAAATTCCAACATGGATGCTGATTTAT

ATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGATT

GTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCC

AATGATCTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTC

CACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATC

CCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTG

TTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCC

TTTTAACAGCGATCGCGTATTTCGTCTCGCTCAGGCGCAATCACGAATGAATAACGGT

TTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAACAAGTCT

GGAAAGAAATGCATAAGCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGGTGA

TTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTT

GGACGAGTCGGAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCG

GTGAGTTTTCTCCTTCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCC

TGATATGAATAAATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAATCAGACGCC

ACATAAAAAAATCCCGGGATAAGGCCCGGGATTAAAAGTTCTCGCTATGGCCCGTTTC

CACCCCATGCAAAAACGGACGCAAAAGAGTATCTCCTGAATACCTTTTGACCACCACT

GTCACATCTCGCAGTGACAAACCCGCTTTCACCCCGCACACCACGCCAGCCGTGCCTC

TCGGCGATCCGGTCAGAGTTTCGTTGTCGTCCTGCCATCACTCCAGTAGCATCTCTTC

TCAATACCCTCTCTGATAAGGAATGCTGATGAAGGCGTTGGACTACAAGCTGCTGCTG

GCGCTGGATGCCGTAATGCAGGAGCAGAACTTCGAGCGCGCCGCCCAGCGCCTGCACA

TCACCCAGTCCGCCATCTCACAGCGCATCAAGCAGCTGGAACAGCAGTTTGCCGAGCC

GCTGCTCATTCGCAGCCAGCCACTACAGGCGACCCCCCTTGGCCAAAAGCTGCTGGCC

CACTACCGTCAGGTGCCCCAGCTGGAACTGGAGCTGGCCGGCGAGATCGCGCCCGACG

AACC 

 

 



  

 

Appendix III: asaP1 wt gene region (GenBank: AF550405.3). asaP1 gene is 

given in lower case letters, protein sequence in blue and target amino acids 

are highlighted in green (E294) and light blue (Y309). Primers used for allelic 

exchange and sequencing are underlined: asaP1-reg-f, asaP1-reg-r, asaP1-

SpeI-f, asaP1-SacI-r, asaP1-primer 1-r, asaP1-primer 2-f, asaP1-primer 3-f, 

asaP1-primer 4-f, asaP1-primer 5-f, asaP1-primer 6-f 

 

GAATTCACCGAAGGCAAGCTGCGGGTGCTGGTCGCCACCGAAGTGGCCGCCCGTGGTCTGG

ACATCCCGGATCTGCAGTACGTGGTCAACTACGATCTGCCGTTCCTGGCCGAAGATTACGT

GCACCGCATTGGCCGTACCGGCCGCGCCGGCAAGAGTGGCATGGCCATCTCCTTCGTCAGC

CGCGAAGAAGAGCGCACCCTGCTCGAGATCGAGGCGCTGATCGGCCAGAAGATCCGCCGTG

TCATGGCGAAGGGCTACGAAGTGGGCAACCGTGACGAGCTGATCAAGCAGTTGCAGGAGCG

TCGTCGCTTCGGCAAGCGTCCCCAGCGTGAAGACAACGCCGCCGCCCAGGCCATGGCCGAA

GCCAAGCTGCAGGGTCAGCGCCTCAAGCGTCTCGCGGCAATGAAGAAGCCGCGCCAGCCGA

AATAAGCGCGCCCAACCCCATCCGGGCCTTCCCCTTGTCAGGGCAGACCGGGAGGGGTGAT

TTTGTATATAAAGGCGCCACTGGCGCCTTTATGCTGTTGATGACCCGGCCCCTGGCCCGGC

CCCTGGCCCGCCCGTCTCTCTGAGGACTCGTGATGACACCTCCCAACTACAATCAGGCCCT

GCTCGACATGGCCACCCAGAGCCTTGCCGAGCTGGCGCGCACCGCCGAGCAGAAGGCGGGC

AAGCGTACCCCTGCCCAGGAGAGCCATTTTCTCTGCACCTGGATGGCGGACTCCCTCAAGG

AGAAGCGTTTCTCCCGTCTGGTGATGGAGGATCTGAAAGGCTGGATCCAGCAGGGCCGTAC

CCTGGGGGCCGGTGCCGATCTCAAGGGCCTGCTGGAGCGCATCGCCTTCCAGTACGCCCGG

GTGCAGGCGGACTCACAACAGCTCGGCACCAGGCTTGCCGCCCTGCTGGCCGAGCTGGAAG

CTGCGGGTTGGTTGGTGTTTACCGACAGCGAGGTGAACGCCAAGCTGCGCTTGCAGGGACC

GGGCCAATCCAGTCTGGTGATCTCCAGTTGCGAATATGGCGAGCACATAGTGCAGGGTGAG

CTGATCAAACCCTTGACCCTGTACGTGCGTGGTGATGAAGCCAGGCTGGCGCAAGCGGCCT

TTCACCATGGTCTGCTGCTGAGCCAGGGCAACAAGAAGGTCACTCTGGTCAAGCACCACAA

GGCGTACCGTCTGGTGCCCGCCAACTTGCAGCCCGCGCTGGCGCTGCTGGCCGAGGCGAAA

GCCTGACGGAGAGCCTCTTCCCTCTGTTGTTCCCAAACCCCGGCCTGGCGCCGGGGTTTTT

TATGCGCCAATGATGGTGCTGGCGGGCTTGGCCGGGTGAGGCGAGAGCAAAAGCGAAATTT

TTACAGGAACCTTTTTACAAGCACCTTTTACAGGAACCACAGGGGCTGCGTGATACGGCCA

GCGGATTCCCGTTTTGTCGTTCGAAATGTGTCGCATGGCAGCGCGCCTGCATCTTGCCCCC

CTCTGATGGGGGGCGTCCCCCATATGGTGGGATGGTGGTGGAAAATTTCTGCTCTAGGGTG

AGTGGGCCCCAAAGAGGGCCTTAAGGAAGCAAACCGCCTGATGGCGACACTCAATGAATGA

GGAAAC 

atgatgaaagtgactccaatagccttgctgctggccggtgtgctggcttccccgctctgc 

 M  M  K  V  T  P  I  A  L  L  L  A  G  V  L  A  S  P  L  C  

gccgcagggctcgatgcccaactcaccctggtggatggcagcacagacgacgtgcgcgtc 

 A  A  G  L  D  A  Q  L  T  L  V  D  G  S  T  D  D  V  R  V  

aacctgacattgaccaacacgggtgacaagcctatccgtctgctcaagtggcaactgccg 

 N  L  T  L  T  N  T  G  D  K  P  I  R  L  L  K  W  Q  L  P  

ggcagcgacgatgcccccctgtttttggtggagcgggatggtcaaccggtcagctatgag 

 G  S  D  D  A  P  L  F  L  V  E  R  D  G  Q  P  V  S  Y  E  

ggggcgctgatcaagcgtgcggcgccaaccgacaaggatttccagttgctcaaggctggc 



  

 

 G  A  L  I  K  R  A  A  P  T  D  K  D  F  Q  L  L  K  A  G  

cagagtctgacggtgcaggcggaagtgtcgggtctctatgacatgagtgctcagggtcag 

 Q  S  L  T  V  Q  A  E  V  S  G  L  Y  D  M  S  A  Q  G  Q  

tacagcatccgctatcagctgccggctcgacgaaagcggccaagggccaaacaggcccag 

 Y  S  I  R  Y  Q  L  P  A  R  R  K  R  P  R  A  K  Q  A  Q  

gcgagcgagtccaacgccatcaccctgtgggtggagggggtgaacgatgagcgggttcaa 

 A  S  E  S  N  A  I  T  L  W  V  E  G  V  N  D  E  R  V  Q  

gccaaggtggccgccgccgagccccaggctgttgccggttctgtcagtttcagcggacgc 

 A  K  V  A  A  A  E  P  Q  A  V  A  G  S  V  S  F  S  G  R  

tgcaccaacacccagaagagcgatctgttgacggcgctggatgccgccagtggcatcagc 

 C  T  N  T  Q  K  S  D  L  L  T  A  L  D  A  A  S  G  I  S  

aacaacgccagcagctatctggcggtcgacaagcccgatggccagcgctatcgcagctgg 

 N  N  A  S  S  Y  L  A  V  D  K  P  D  G  Q  R  Y  R  S  W  

ttcggggcctatagcagtgcccgttgggatcaggccgagacgaacttcagcaagatcaag 

 F  G  A  Y  S  S  A  R  W  D  Q  A  E  T  N  F  S  K  I  K  

gatgccatcgacaacaagccgctcacctttgactgcagctgcaagcagagctacttcgcc 

 D  A  I  D  N  K  P  L  T  F  D  C  S  C  K  Q  S  Y  F  A  

tacgtctatccggatcaaccctacaaggtctatctgtgcaagagcttctggacggcgccc 

 Y  V  Y  P  D  Q  P  Y  K  V  Y  L  C  K  S  F  W  T  A  P  

gtcaccgggagcgattcccgtgccggcaccatagtccatgagctgagtcacttcaacgtg 

 V  T  G  S  D  S  R  A  G  T  I  V  H  E  L  S  H  F  N  V  

gtggcaggcaccgacgatctgggttacggtcaggccaatgcccgcaatctggcgaagacg 

 V  A  G  T  D  D  L  G  Y  G  Q  A  N  A  R  N  L  A  K  T  

gatccggtcaaggcgctcaacaacgccgacaatcatgaatacttcgccgagaataccccg 

 D  P  V  K  A  L  N  N  A  D  N  H  E  Y  F  A  E  N  T  P  

agcgaaaactgaTCCGCTGACAGGGGCCGCAAGGCCCCTTTTTGATGCTGAAG 

 S  E  N  -  

GAGGCTCCATGATGACACTCTTGCTCACCACCCTCGCGCTTGCTCCCCTGCAGTGTGAACT

GTCGGTCAAGGCACACAGCCGGGTGAACGAGCCCTTGCCCCTGGTGATGACCTTGACCAAC

AAGGGGGAGGGGCCGCTCGAGGTGTTGAGCTGGTTCACCCCGTTCGAAGGCTGGTTCGCCG

ATGCCATCGATCTCACCCTCGACAATCAGCCGCTGGTTTACAAAGGACCGCTCGCCAAGCG

TGGCGAACCCGGTGCCGATGACTTCTTCATTCTGGGGGCGGGCCAGCAGAGCCAGGCGGAT

GCAGATCTGACCCAGGTCTACGATTTGTCCCGGCCAGGCCTCTATCACCTCAGCTACCGCG

CCCAGCCCTTGACCCTGACCCAGGGGGTCGCCCCCAGCTGCCCCGCCATCAGTTTCACCCG

GTTGGCGGCACCCTAAGCGGCATCACGCCCGTTTGCTGCCTTCAGCAGCCCCACAGCGCGG

GCCGCGACTGCCAGATAGCGGGATGCATCGCCGGGTCTGCTTGCCTGTTCCCGCCAGCAGC

AGTGCACCAGCTTGATCACATGATCGTCCAGACTGGCGAGCGCCCGTTCCAACACTTGCTG

CCAGGATAATCCGTTGCAGGCGGGCCATGTCTGGGGACGCAGGTGCGGAGCCCCGACCGTG

ATATAAGCCGCCGCCACCGCCTGCCACATCAAGGTCTGCCACTGCCCTTGCCACTCGCTGG

GCAACTGCGTTGCGACAATGGCTGCGGCCCGGCTGCCGGTCACCATGTGCAGCACGGTAAA

ATTGCTGGTTTGCCAATAGAGCGGCAGGGCCACCTCGGCCAGTTGTGTCAAAACAGACGAT

GACTCGGCGAGCGTTTGCGGCAGCGTGCCCGGCCAGCGCGGCGCCTCTGCCACCTGCTGCA

ATCGACCCGTGATCCACTCGCCCTGCCAGCTCGCACCCTCCCACTGTTCGGAGAGCCCGGC

CAGCAGGCTGGCGACATCCCGGCTGGGCGCGGCTTCTCCGGCGGGCAGTATCAGGGGGCTG

CACTGCCAGGCGGCCAGTGCCGCAGCCAGCTCTCCCACATGACCATTTTCCAGGGCACAGG

CGAAGCGAATAAGAGGATGGAAGGCGCCTCCCGCCGGTGAGAGGCGCCTGGCCAGCAGGGT



  

 

CTCGAAGAGAGGCAACCAGCCCTCGGCGGCAATCCGGTCTGCCAACTGCTGACGCAGTCGT

ACGAAACGGATTTCATCCTCGTCCTGACTTGTTTCCCCGCTCGGCAGCGCATGGGTTGCCT

GCCAATGATCGAAGAAATGCTGCAACTGGCGGGGGCTTGCACCCATCTCATGCAGGGCGTG

CAGCGCCATGGGGCAGTGGTTGGTGGTGCCTTTGCCGTTGAGGGCAAAGCCCGGTTGGCAT

CGAGCAAGTGGTGAA 

 

 

Appendix IV: asaP1E294A-toxoid gene. Primers are underlined: E294A-f, 

E294A-r, E294A-f and E294A-r, point mutation at position 294 induced by soe-

PCR and resulting amino acid exchange (E294A) are highlighted in green 

atgatgaaagtgactccaatagccttgctgctggccggtgtgctggcttccccgctctgc 

 M  M  K  V  T  P  I  A  L  L  L  A  G  V  L  A  S  P  L  C  

gccgcagggctcgatgcccaactcaccctggtggatggcagcacagacgacgtgcgcgtc 

 A  A  G  L  D  A  Q  L  T  L  V  D  G  S  T  D  D  V  R  V  

aacctgacattgaccaacacgggtgacaagcctatccgtctgctcaagtggcaactgccg 

 N  L  T  L  T  N  T  G  D  K  P  I  R  L  L  K  W  Q  L  P  

ggcagcgacgatgcccccctgtttttggtggagcgggatggtcaaccggtcagctatgag 

 G  S  D  D  A  P  L  F  L  V  E  R  D  G  Q  P  V  S  Y  E  

ggggcgctgatcaagcgtgcggcgccaaccgacaaggatttccagttgctcaaggctggc 

 G  A  L  I  K  R  A  A  P  T  D  K  D  F  Q  L  L  K  A  G  

cagagtctgacggtgcaggcggaagtgtcgggtctctatgacatgagtgctcagggtcag 

 Q  S  L  T  V  Q  A  E  V  S  G  L  Y  D  M  S  A  Q  G  Q  

tacagcatccgctatcagctgccggctcgacgaaagcggccaagggccaaacaggcccag 

 Y  S  I  R  Y  Q  L  P  A  R  R  K  R  P  R  A  K  Q  A  Q  

gcgagcgagtccaacgccatcaccctgtgggtggagggggtgaacgatgagcgggttcaa 

 A  S  E  S  N  A  I  T  L  W  V  E  G  V  N  D  E  R  V  Q  

gccaaggtggccgccgccgagccccaggctgttgccggttctgtcagtttcagcggacgc 

 A  K  V  A  A  A  E  P  Q  A  V  A  G  S  V  S  F  S  G  R  

tgcaccaacacccagaagagcgatctgttgacggcgctggatgccgccagtggcatcagc 

 C  T  N  T  Q  K  S  D  L  L  T  A  L  D  A  A  S  G  I  S  

aacaacgccagcagctatctggcggtcgacaagcccgatggccagcgctatcgcagctgg 

 N  N  A  S  S  Y  L  A  V  D  K  P  D  G  Q  R  Y  R  S  W  

ttcggggcctatagcagtgcccgttgggatcaggccgagacgaacttcagcaagatcaag 

 F  G  A  Y  S  S  A  R  W  D  Q  A  E  T  N  F  S  K  I  K  

gatgccatcgacaacaagccgctcacctttgactgcagctgcaagcagagctacttcgcc 

 D  A  I  D  N  K  P  L  T  F  D  C  S  C  K  Q  S  Y  F  A  

tacgtctatccggatcaaccctacaaggtctatctgtgcaagagcttctggacggcgccc 

 Y  V  Y  P  D  Q  P  Y  K  V  Y  L  C  K  S  F  W  T  A  P  

gtcaccgggagcgattcccgtgccggcaccatagtccatgcgctgagtcacttcaacgtg 

 V  T  G  S  D  S  R  A  G  T  I  V  H  A  L  S  H  F  N  V  

gtggcaggcaccgacgatctgggttacggtcaggccaatgcccgcaatctggcgaagacg 

 V  A  G  T  D  D  L  G  Y  G  Q  A  N  A  R  N  L  A  K  T  

gatccggtcaaggcgctcaacaacgccgacaatcatgaatacttcgccgagaataccccg 

 D  P  V  K  A  L  N  N  A  D  N  H  E  Y  F  A  E  N  T  P  

agcgaaaactga 

 S  E  N  -   



  

 

Appendix V: asaP1Y309F-toxoid gene. Primers are underlined: Y309F-f, Y309F-

r, Y309F-f and Y309F-r, point mutation at position 309 induced by soe-PCR 

and resulting amino acid exchange (Y309F) are highlighted in blue 

atgatgaaagtgactccaatagccttgctgctggccggtgtgctggcttccccgctctgc 

 M  M  K  V  T  P  I  A  L  L  L  A  G  V  L  A  S  P  L  C  

gccgcagggctcgatgcccaactcaccctggtggatggcagcacagacgacgtgcgcgtc 

 A  A  G  L  D  A  Q  L  T  L  V  D  G  S  T  D  D  V  R  V  

aacctgacattgaccaacacgggtgacaagcctatccgtctgctcaagtggcaactgccg 

 N  L  T  L  T  N  T  G  D  K  P  I  R  L  L  K  W  Q  L  P  

ggcagcgacgatgcccccctgtttttggtggagcgggatggtcaaccggtcagctatgag 

 G  S  D  D  A  P  L  F  L  V  E  R  D  G  Q  P  V  S  Y  E  

ggggcgctgatcaagcgtgcggcgccaaccgacaaggatttccagttgctcaaggctggc 

 G  A  L  I  K  R  A  A  P  T  D  K  D  F  Q  L  L  K  A  G  

cagagtctgacggtgcaggcggaagtgtcgggtctctatgacatgagtgctcagggtcag 

 Q  S  L  T  V  Q  A  E  V  S  G  L  Y  D  M  S  A  Q  G  Q  

tacagcatccgctatcagctgccggctcgacgaaagcggccaagggccaaacaggcccag 

 Y  S  I  R  Y  Q  L  P  A  R  R  K  R  P  R  A  K  Q  A  Q  

gcgagcgagtccaacgccatcaccctgtgggtggagggggtgaacgatgagcgggttcaa 

 A  S  E  S  N  A  I  T  L  W  V  E  G  V  N  D  E  R  V  Q  

gccaaggtggccgccgccgagccccaggctgttgccggttctgtcagtttcagcggacgc 

 A  K  V  A  A  A  E  P  Q  A  V  A  G  S  V  S  F  S  G  R  

tgcaccaacacccagaagagcgatctgttgacggcgctggatgccgccagtggcatcagc 

 C  T  N  T  Q  K  S  D  L  L  T  A  L  D  A  A  S  G  I  S  

aacaacgccagcagctatctggcggtcgacaagcccgatggccagcgctatcgcagctgg 

 N  N  A  S  S  Y  L  A  V  D  K  P  D  G  Q  R  Y  R  S  W  

ttcggggcctatagcagtgcccgttgggatcaggccgagacgaacttcagcaagatcaag 

 F  G  A  Y  S  S  A  R  W  D  Q  A  E  T  N  F  S  K  I  K  

gatgccatcgacaacaagccgctcacctttgactgcagctgcaagcagagctacttcgcc 

 D  A  I  D  N  K  P  L  T  F  D  C  S  C  K  Q  S  Y  F  A  

tacgtctatccggatcaaccctacaaggtctatctgtgcaagagcttctggacggcgccc 

 Y  V  Y  P  D  Q  P  Y  K  V  Y  L  C  K  S  F  W  T  A  P  

gtcaccgggagcgattcccgtgccggcaccatagtccatgagctgagtcacttcaacgtg 

 V  T  G  S  D  S  R  A  G  T  I  V  H  E  L  S  H  F  N  V  

gtggcaggcaccgacgatctgggtttcggtcaggccaatgcccgcaatctggcgaagacg 

 V  A  G  T  D  D  L  G  F  G  Q  A  N  A  R  N  L  A  K  T  

gatccggtcaaggcgctcaacaacgccgacaatcatgaatacttcgccgagaataccccg 

 D  P  V  K  A  L  N  N  A  D  N  H  E  Y  F  A  E  N  T  P  

agcgaaaactga 

 S  E  N  -   

. 
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