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Piscirickettsia salmonis is the causative agent of Piscirickettsiosis, a disease causing 

significant losses in salmon aquaculture in Chile and which has also been isolated in 

salmonids in several other countries. This investigation was designed to prepare a 

recombinant library of P. salmonis DNA in a phage lambda vector. P. salmonis LF-89 

was grown in CHSE-214 and RTG-2 tissue culture cells and morphological changes 

monitored by light microscopy and staining. Cytoplasmic vacuoles were visible in 

infected cells by 5 days post-infection and these expanded in size until cells burst, 

releasing bacteria into the culture fluid. Within 14-17 days the complete cell monolayer 

showed cytopathic effects and cells detached from the culture surface. Bacteria were 

collected from large volumes of culture fluid by centrifugation, resuspension and brief 

homogenisation to disperse the material, low speed centrifugation to remove large 

cellular debris, followed by purification of bacteria from cell debris by centrifugation on 

a Percoll density gradient. DNA was extracted from the bacteria, partially digested with 

EcoRI and ligated into ?, ExCell. The library appeared to contain approximately 1.79 x 

10 5 
recombinants/gg DNA, and the recombinant library was screened with rabbit 

antiserum to purified P. salmonis and antisera raised in fish. No reactive clones were 

detected in screening with antisera, or with oligonucleotide probes against both P. 

salmonis 16S rRNA gene and Legionella pneumophila Mip gene. 

A representative selection of recombinant phage was analysed. None of these 

recombinant phage inserts could be released with EcoRl, the restriction enzyme used in 

preparation of the library. Release of inserts with restriction enzymes flanking the 

EcoRI site was successful and several inserts, ranging in size from 0.4 to 3.5kb were 

detected. Sequence analysis of two inserts showed that the expected EcoRI site in 

pExCell recombinants was corrupted to the sequence CCATTC or GCGTTC. Limited 

sequence analysis of inserts revealed very high identity with E. coli gene sequences in 

the databases, and little similarity with rickettsial sequences. 

During this project an outbreak of a suspected rickettsial infection was identified 

in Scotland and the Ardintoul isolate was characterised. The organism replicated readily 
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in CHSE-214 and RTG-2 cells and was also cultivated in XTC cells (a frog-derived cell 

line). The organism was viewed by light microscopy, electron microscopy and 

fluorescence microscopy. The 16S rRNA sequence of the organism was compared with 

those of previously characterised piscirickettsia and found to differ by at least 8 bases 

from other isolates. Closest similarity was to isolates SLGO-94 (British Columbia) and 

LF-89 (Chile, type strain). Bacteria were purified from cells and a recombinant library 

prepared in XFixII. Inserts of 4 to 9kb were detected in the library and preliminary 

screening was carried out with oligonucleotide probes, although no true positive clones 

were identified. Antiserum to purified Ardintoul rickettsiae was raised in a sheep. 

Analysis by ELISA showed the serum to be of high titre, and in immunoblotting it 

recognised at least 15 A salmonis antigens, and had very little reactivity with cellular 

material. The dominant antigen recognised was a polypeptide of c. 70kDa, with other 

antigens of 80,55,50 and 20kDa also inducing a significant response. The antiserum 

will be useful in further analysis of the %FixII library for identification of surface- 

exposed antigens which could form the basis of future vaccine development. 
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INTRODUCTION 

Chapter One Introduction 



Aquaculture is a growing industry, with production amounting to an estimated 15 

million metric tons in 1990 (FAO 1992) accounting for roughly 15% of the total world 

production of fish. As part of this growth, salmon aquaculture has developed into a major 

industry in Norway, Scotland, Chile and several other countries making a significant 

contribution to the fisheries industry. In Scotland the production of Atlantic salmon was 

over 87000 tonnes in 1997, and in Norway was over 300000 tonnes (G. Rae, personal 

communication). One of the limiting factors in the development of aquaculture has been 

infectious disease, and the rapid expansion of fish culture has been accompanied by 

increased mortalities due to disease. The effects on fish can cover an entire spectrum from 

epizootics with mass mortalities to minor chronic losses. Disease control in aquaculture 

depends on correct diagnosis and understanding of the life cycle of the causative agent, 

preventative measures, such as maintenance of water quality, provision of an adequate 

diet, prophylactic immunisation and reduction of environmental stress, as well as 

treatment, usually in the form of chemotherapy, as a last resort. Stress is an important 

factor in the outcome of an infection within a fish population; it may result from 

overcrowding, inadequate diets, oxygen deficiency, build-up of metabolic by-products, 

toxic chemicals from external sources, temperature variations, and other less obvious 

features of what is at best an abnormal environment for aquatic animals. A more positive 

approach to disease control is that of prophylactic immunisation. With newer methods of 

vaccine application, treatment of entire cultured fish populations has become feasible 

(Sindermann, 1989)). 

1.1 Microbial diseases in salmon aquaculture 

There is extensive literature on diseases that are important in sea water culture of 

salmonids, the most significant of which are summarised in Table 1. Although bacteria are 

important pathogens of fish, viruses and parasites also cause serious problems for 

the industry. 
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Table 1 Important Diseases of Farmed Salmon 

ORGANISM DISEASE 

BACTERIAL Vibrio anguillarum 

Vibrio ordalii 

Renibacterium 

salmoninarum 

Aeromonas salmonicida 

VEBRIOSIS 

BACTERIAL KIDNEY DISEASE 

FURUNCULOSIS 

SEA LICE Lepeophtheirus salmonis 

VIRAL Infectious Pancreatic 

Necrosis Virus 

small selection of diseases affecting farmed salmon is shown in Table 1; (information 

adapted from Leong, (1993 & 1995) who reviewed fish vaccine advances) 

Sea pen culture of Atlantic salmon began in Scotland and Norway over 30 years 

ago and culture of several species, particularly of Coho salmon, Oncorhynchus kisutch, 

began on the West coast of America in the early 1970s. Mortalities due to vibriosis, 

caused by Vibrio anguillarum, were soon noted (Sindermann, 1989). Outbreaks of the 

disease were initially controlled by the use of antibiotics (Fryer et al., 1978), but effective 

vaccines have since been developed against this organism. 

Another disease which has caused severe problems for salmon aquaculture is 

furunculosis, caused by Aeromonas salmonicida. This disease was first recognised over 

100 years ago (Emmerich and Weibel, 1894, cited by Bernoth, 1997) and caused 

significant losses in wild salmon in Scotland in the 1930s (Mackie et aL, 1985). Although 

the incidence of disease declined in wild fish, furunculosis became an acute problem for 

salmon culture; it was estimated that in the Highland region of Scotland over 50% of 

smolts put to sea in 1991 were lost due to furunculosis (Munro and Gauld, 1996). Again, 

the introduction of effective vaccines, coupled with improved husbandry and 

management, have reduced the impact of this disease, such that smolt losses in the 

Highland region fell to an estimated 4% by 1993 (Munro and Gauld, 1996). 
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1.2 Emerging pathogens in salmon aquaculture 

Whereas the bacteria causing the major diseases which affected the early 

development of salmon aquaculture (vibriosis, furunculosis and bacterial kidney disease) 

have been recognised as pathogens of wild fish for a century, a number of new diseases 

have emerged more recently (Fryer and Bartholemew, 1996, Fryer and Mauel, 1997). The 

most important are Hitra disease, caused by Vibrio salmonicida (Egidius et al., 1986), 

infectious salmon anaernia, caused by an orthomyxo-like virus (Thorud and Djupvik 

1988; Falk et al., 1997), and piscirickettsiosis, caused by Piscirickettisa salmonis (Fryer 

et al., 1992). 

1.3 Piscirickettsiosis- early reports 

Coho salmon were introduced for commercial aquaculture in Southern Chile 

approximately 15 years ago, and other salmonid species introduced include Chinook 

salmon, Atlantic salmon and Rainbow trout. In the winter of 1989, high levels of 

mortalities occurred among farmed Coho salmon, Oncorhynchus kisutch (Walbaum) in 

Southern Chile (Branson and Diaz-Munoz, 1991). At this stage other year classes and 

other species were not affected, and the disease was reported mainly in the Gulf of Ancud, 

an area between Chiloe Island and the mainland south of Puerto Montt; other farms were 

involved, but to a much lesser extent. Losses as high as 90% were reported, with an 

average loss of approximately 60% occurring on many farms. There appeared to be no 

common factor linking the diseased fish, as fish from various hatchery stocks, water 

supplies during the freshwater phase of production, and different types of food, were all 

affected. 

The epizootic of 1989 was estimated to have killed approximately 1.5 million 

Chilean salmon, ranging from around 200g to 2 kg (market size), resulting in significant 

economic losses. The disease was only observed in Coho salmon reared in seawater net 

pens around Puerto Montt and Chiloe Island. In the autumn of that year, in the area 

described above, there was a period of fluctuating sea temperature which coincided with a 

non-toxic algal bloom in March. When the algal bloom had disappeared and the 

temperature had stabilised the losses continued to escalate until May/June, when a steady 
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decline in the number of mortalities resulted until a normal level was reached in the 

following July/August. This disease had been recognised as causing high mortalities in 

Coho salmon since 1981 at these farms (Bravo, 1994), and farms with infected fish 

reported monthly mortalities, ranging from 1-20%, and up to 40% during epizootics. 

Epizootics occurred from April to August (autumn to mid-winter in Chile), 10- 12 weeks 

following saltwater introduction, and lasted up to 10 weeks before subsiding. Repeat 

outbreaks often occurred from October to December. The number of farms identified with 

infected Coho salmon increased from four in April 1989 to 32 in April 1990 (Fryer et aL, 

1990). 

The initial investigation of the disease in 1989 indicated a systemic infection with a 

non-culturable, bacteria-like organism, sometimes replicating, that could be observed 

within intracytoplasmic vacuoles of host cells. This suggested a chlarnydial or rickettsial 

organism. The organism was confirmed as the aetiological agent of the disease by 

fulfilling Koch's postulates (Cvitanich et al., 199 1), and the authors suggested the disease 

be called Salmonid Rickettsial Septicaernia (SRS). 

The condition has since been reported in other salmon species, including Sakura, 

Atlantic and pink salmon and also rainbow trout. Affected fish with similar characteristics 

have been reported in Canada (Brocklebank et al., 1992), Ireland (Rodger and Drinan, 

1993) and Norway (Olsen et al., 1993 & 1997), with the outbreaks of disease in Norway 

occurring during the late 1980s. This condition, therefore, poses a significant threat to the 

entire salmon industry. 

1.4 Clinical signs and gross pathology in piscirickettsiosis 

The pathology of this disease has been reviewed by Fryer et aL, (1992). The first 

evidence of the disease among a fish population appears to be small white spots on the 

gills, as first reported in March 1989 on affected fish in Chile. Most of the affected salmon 

displayed skin lesions ranging from small areas of raised scales, which were often 

haemorrhagic, 0.5cm diameter or less, through to white raised plaques and shallow 

haemorrhagic ulcers, approximately 2cm in diameter. Some affected fish showed no 

evidence of skin lesions. Affected fish were dark and lethargic, being easy to spot hanging 
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at the net sides. Many had some degree of ascites, varying degrees of peritonitis, general 

pallor (suggesting anaernia) and slightly enlarged spleens. In all cases the fish had swollen 

grey kidneys and livers, often with pale focal lesions. All fish had good body fat reserves, 

but there was no food present in the gut of any fish. 

Blood smears prepared from the affected fish showed a large number of 

macrophages, most of which contained either degenerate cellular debris or organisms 

ranging from few to many within cytoplasmic vacuoles (Fryer et al., 1992). Due to the 

systemic nature of the disease, infected cells were commonly found in many tissues. The 

severity of the gastrointestinal, haernatopoietic and hepatic lesions probably accounts for 

the high mortality associated with this disease. The pathological lesions described are 

similar to those described for rickettsial diseases of other animals. The anaernia associated 

with this disease appears to be haernolytic. Rickettsiae causing the disease typhus in 

humans are capable of haemolysing erythrocytes of several animal species. The 

haemolytic activity is correlated with infectivity of rickettsia and with their metabolic 

activities. 

1.5 Identification of Piscirickettsia salmonis 

To identify the organism causing SRS, infectious material from naturally infected 

Chilean Coho salmon was injected into various salmon species to reproduce the disease. 

The organism was confirmed by Koch's postulates to be the agent causing SRS 

(Cvitanich et aL, 1991). This study indicated that the organism is an obligate intracellular 

pathogen found within membrane-bound vacuoles, which is characteristic of chlamydiae 

and some rickettsiae. However, the organism does not follow the characteristic chlarnydial 

developmental cycle, which includes formation of small infectious elementary bodies and 

larger noninfectious reticulate bodies. Also, the organism did not react with a genus- 

specific chlarnydial antibody, suggesting that the organism does not belong to the order 

Chlamydiale (Weiss and Moulder, 1984). 

Sections of kidneys, livers and spleens from naturally infected and experimentally 

infected fish, showed numerous enlarged vacuolated cells containing basophilic granules. 

Electron microscopy of sections of the liver revealed coccoid organisms, enclosed within 
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membrane-bound cytoplasmic vacuoles. Externally they appeared to have an undulating 

outer membrane and a second inner membrane. In the order Rickettsiale, membrane- 

bound vacuoles and rippled cell walls are commonly observed. The organism was 

sensitive to a wide range of antibiotics including chloramphenicol, tetracycline, 

erythromycin, and oxytetracycline, but resistant to penicillin G, which suggests a 

rickettsial origin. The agent was not associated with erythrocytes, therefore, placing it in 

the family Rickettsiaceae. 

Fryer went on to place the organism taxonomically, although this was difficult as 

the organism was morphologically similar to organisms in the tribe Ehrlichieae of the 

family Rickettsiaceae. It has the most common feature of this group, replication within 

membrane-bound cytoplasmic inclusions in host cells, although host specificity and 

serological characteristics suggest that it does not fit into any of the established genera. 

The previously characterised ehrlichial agents are pathogens of mammals; although this 

agent is a pathogen of poikilotherms and replicates optimally in fish cell cultures incubated 

between 15-180C, replication does not occur at temperatures greater than 250C. There 

appears to be no common antigens between the organism and ehrlichial agents examined, 

although a very low level reaction occurred when the type strain, LF-89, was tested with 

canine granulocytic ehrlichia antiserum by indirect immunofluorescence. No reaction was 

apparent with antisera against E. equi, E canis or N. helinthoeca. (Lannan et al., 199 1). 

Fryer et al., (1992) proposed that the organism should belong in the order Rickettsiale for 

the following two reasons: - 

It is an obligate intracellular bacterium, and various attempts at primary isolation or 

passage of cell culture isolates on bacteriological media were unsuccessful, and 

It has a morphology similar to some rickettsiae, for example Ehrlichia. 

Fryer subsequently determined the sequence of the LF-89 16S rRNA gene, the 

secondary structure of which conformed to the gamma sub-division of the Proteobacteria. 

The 16S rRNA gene sequence from this salmonid pathogen showed no specific 

relationship to any of the 450 bacterial 16S rRNA sequences in the rDNA Data Base 

project. Comparison with the sequences of R. rickettsii, R. typhi., R. prowazekii, E. 
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risticii, R. quintana, W. persica and C bumetii indicated that LF-89 was more closely 

related to W. persica and C burnetii (which also belong in the gamma sub-division of 

the Proteobacteria) than to members of the genera Rickettsia, Ehrlichia and Rochalimea 

(which are in the alpha sub-division), Figure 1. The rickettsial agent was not a specific 

relative of any of these intracellular bacteria (Fryer et al., 1992; Shankarappa et al., 1992). 

LF-89 has a unique 16S rRNA sequence; along with the temperature requirements, host 

range, and serological characteristics this pathogen warrants its classification as a new 

genus and species in the family Rickettsiaceae. Fryer suggested the establishment of a new 

genus, Piscirickettsia, and a new species name Piscirickettsia salmonis (rickettsial 

organism affecting salmon) (Fryer et A, 1992). Figure I shows the relatedness by virtue 

of their 16S rRNA sequence of various members of the Rickettsiaceae family, fish 

pathogens and a selection of bacteria that do not fit into either category. 

1.6 Description of the genus Piscirickettsia 

The properties of P. salmonis are summarised in Table 2. Replication of the organism 

within vacuoles in host cells is characteristic of some rickettsial species, (see Figure 3, 

p68). P. salmonis can be cultivated in several fish cell cultures, including CHSE-214, 

CHH- 1, CSE- 119 and RTG-2 cell lines (Lannan et A, 1984; Plumb and Walk, 197 1), 

but not in cell-free media. 

TABLE 2 Characteristics of Piscirickettsia Nalmonis 

Pleomorphic organisms, predominantly coccoid, diameter 0.5-1.5gm 

Gram negative, non-motile organism, visualised by staining with Giemsa stain 

Obligate intracellular parasite 

Optimum growth temperature range 15-180C 

Does not replicate on bacteriological media 

Divides by binary fission 

Visible in cytoplasmic vacuoles by light or electron microscopy 

Replication inhibited by antibiotics (chloramphenicol, tetracycline, erythromycin) 
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Figure I 16SrRNA relationship among rickettsia and selected bacteria 

Accession numbers of 16SrRNA genes from the following bacteria taken from EMBL 

databases and their abbreviated codes used in the figure. 

Erhlichia sennetsu ES M73219 
Erhlichia tisticii ER M21290 
Erhlichia canis EC M73221 
Rickettsia prowazekii RP M21789 
Rickettsia typhi RT M20499 
Rickettsia rickettsii RR M21293 
Bartonella bacilliformis BB M65249 
Coxiella burnetii CB M21291 

Piscirickettsia salmonis PS X60783 

Eschetichia coli EC J01695 

Legionella pneumophila LP M59157 
Vibrio anguillarum VA X16895 

Aeromonas salmonicida AS X60405 

Renibactetium salmoninarum RS X51601 
Wolbachia persica WP M21292 

Cowdria ruminantium CR U03777 

Anaplasma marginale AM M60313 

Rochalimea: quintana RQ U28268 

Brucella abortus BA X13695 

Salmonella typhi ST U88545 
Yersinia enterocolitica YE M59292 
Wolbachia persica WP M21292 

Listeria monocytogenes LM M58822 
Chlamydia trachomatis CT D89067 
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E sennetsu 
E. risticii 

E. canis 
C ruminantium 

A. marginale 

R. prowazekii 
R. typhi 

R. rickettsii 

B. bacillifonnis 

B. quintana 

B. abortus 
E. coli 
S. typhi 

Y. enteroloctica 

V. anguillarum 
A. salmonicida 

P. salmonis 

L pnuemophila 

C burnetii 

W. persica 
L monocytogenes 
R. salmonarum 

C trachomatis 

Figure 1 16SrRNA relationship among rickettsia and selected bacteria 

Performed using PAUP analYsis to determine relationship between the above 16S 

sequences taken from EMBL database. The tree is heuristic based on minimum distance. 
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Rsalmonis is now known to infect four species of salmonids, 0. kisutch, 0. 

tshawyacha, 0. mykiss and S. salar, and it is probable that other fish species are also 

susceptible. The disease has been induced experimentally in 0. kisutch and S. salar by 

intraperitoneal injection of fluids from infected cell cultures (Garces et aL, 199 1), but the 

method of natural transmission has not yet been determined. 

The type strain, LF-89 was isolated from Chile in 1989, and was deposited with 

the American Type Culture Collection as ATCC (R) strain VR1361. 

1.7 Transmission of P. salmonis 

In rickettsial diseases of mammals, an arthropod vector is almost always required 

but no such agent has yet been shown to be involved in SRS. The external environments 

of fish and mammals are very different, so it is possible that in this case a vector is not 

required. Q fever, a rickettsial infection of cattle and man, caused by Coxiella burneffi, can 

be transmitted by a vector but infection can also occur by direct contact with contaminated 

material, such as placenta or milk. Therefore, it is possible that in Coho salmon transfer 

could occur merely through the water. 

The presence of skin lesions on the majority of the diseased fish could indicate the 

existence of a vector, as this is seen in most mammalian diseases caused by Rickettsiae. 

Although a rickettsia has been designated as the causative agent of the disease, it may be 

that other factors are required to precipitate the massive fish losses which occur, e. g. 

inadequate nutrition or stress caused by environmental changes such as fluctuating 

temperature. On some of the affected farms in Chile severe storms have occurred before 

the outbreak of the disease, and there was also a preceding algal bloom and fluctuating sea 

temperature in initial incidents of disease (Branson and Diaz-Munoz, 1991). 

As the affected fish originated from various freshwater sources, and the fish had 

been at sea for 2-3 months prior to the disease, it has been proposed that the organism 

may have originated from a local marine source and that this organism, together with the 

factors mentioned above, has been the cause of the large losses experienced. 
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1.8 Rickettsia-like organisms 

Rickettsia-like organisms (RLOs) have been reported in non-salmonid fish, shellfish and 

crustaceans (Fryer and Lannan, 1994); therefore, it is possible that these could act as 

reservoirs of infection for rickettsia infecting animals in the marine environment as these 

could move freely through net pens with large mesh sizes. Epitheliocystis is a widely 

reported infection of fish caused by a chlamydia. Chlamydia-like infections of fish are 

widespread, but RLOs in fish have been less frequently reported. Mohamed (1939) cited 

by Fyer & Lannan, (1994), noted a coccoid RLO within monocytes and in the plasma of 

one dead tetrodontid fish in Egypt. No further reports of this organism or of other fish 

rickettsia occurred until Ozell (1975), cited by Fryer & Lannan, (1994), detected a rod- 

shaped RLO in tissues of rainbow trout collected from a freshwater source in Europe. The 

agent was isolated and passaged in fish cell cultures but was not characterised beyond 

morphological description, nor was it maintained for further study. Viral haemorrhagic 

septicaernia (VHS) virus was also isolated from the affected trout, so although mortality 

was observed in the trout population, the role of the RLO was undetermined. In 1986 

Davies reported a coccoid or elongate RLO in tissues of the dragonet, a marine fish 

collected in Cardigan Bay in Wales. The above information is reviewed by Fryer and 

Lannan, (1994). In 1994 Chen reported outbreaks of a disease caused by RLO in cultured 

tilapia in Taiwan. Also in this year an RLO was reported in the gill epithelial cells of 

Pacific Oyster (Renault, 1994). 

A summary of the rickettsia and RLO identified in fish is shown in Table 3. 

1.9 Survival of Piscirickettsia salmonis in sea water 

Experiments on extracellular survival carried out by Lannan and Fryer, (1994) on the LF- 

89 strain concluded that P. salmonis survived in seawater for at least one week, but did 

not survive in freshwater. The extended survival time of the rickettsia in seawater at 

temperature permissive for piscirickettsiosis makes direct transmission a possibility in the 

marine environment. However, the rapid inactivation of the rickettsia in freshwater limits 

the opportunity for direct transmission under these conditions. 
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TABLE 3 Rickettsial and rickettsial-like infections of fish 

HOST REGION REFERENCE 

CALLIONYMIDAE 

Callionymus lyra (Dragonet) Cardigan Bay Davies, (1986) 

SALMONIDAE 

Oncorhynchus kisutch Southern Coast Fryer et al., (1990,1992) 

(Coho salmon) Chile Branson et al., (199 1) 

Cvitanich et al., (199 1) 

Garces et al., (199 1) 

Lannan et al., (199 1) 

Fryer et al., (1992) 

Oncorhynchus mykiss Germany Ozel et al., (1975) 

Rainbow trout) Southern Coast Cvitanich et al., (199 1) 

Chile Garces et al., (199 1) 

Fryer et al., (1992) 

Oncorhynchus tshawyacha Southern Coast Cvitanich et al., (199 1) 

Chile Garces et al., (199 1) 

Fryer et al., (1992) 

Pacific Coast, Canada Evelyn (1992) 

Oncorhynchus gorbuscha Pacific Coast Evelyn (1992) 

(Pink salmon) Canada 

Salmo salar Southern Coast Cvitanich et al., (199 1) 

(Atlantic salmon) Chile Garces et al., (199 1) 

Fryer et al., (1992) 

Pacific Coast, Canada Evelyn (1992) 

TETRAODONrMAE 

Unknown Egypt Mohamed (1939) 

Table adapted from Fryer and Lannan (1994). 
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This may explain why the disease is rarely observed at freshwater sites, even 

though it has been demonstrated that piscirickettsiosis develops in freshwater in fish 

experimentally infected via intraperitoneal injection (Garces et A, 1991). 

1.10 Isolation of P. salmonis in other countries 

Since P. salmonis was characterised, several morphologically similar agents have 

been detected in salmonid fish at widely spaced locations throughout the world. One of 

these organisms was identified in 1991 in diseased Atlantic salmon collected from a sea 

water farm in Canada (Brocklebank et aL, 1992). A similar, but unidentified, organism 

reportedly induced mortalities as early as 1970 in pink salmon held in seawater tanks in 

the region. The agent observed in Atlantic salmon shares one or more common antigens 

with P. salmonis, but it is apparently less virulent than the type-strain LF-89. Another 

riekettsial organism was detected in Norway in histological sections of liver from Atlantic 

salmon experiencing a disease termed necrotising hepatitis. An organism of this type was 

also observed in electron micrographs of tissues of Atlantic salmon reared in Ireland 

(Rodger and Drinan, 1993). All of these RLOs produce pathology similar to that 

associated with piscirickettsiosis in Chilean salmon, and they are closely related to P. 

salmonis. 

1.11 Further work required on P. salmonis 

The rickettsia isolated from Coho salmon is clearly a serious pathogen of potential 

concern to the entire salmonid culture industry. Methods for rapid detection of the 

organism in fish are required to control the spread of the disease, and to identify the 

source of infection in sea water and its mode of transmission. A further major requirement 

is the development of vaccines for preventing the disease. This thesis is concerned with a 

molecular study of the organism with the long term aim of developing a vaccine against P. 

salmonis. Therefore, the properties of other rickettsia and relevant molecular biology 

studies are reviewed. 

1.12 Rickettsiaceae 

Rickettsia are small pleomorphic organisms, mostly intracellular parasites with a 

wide natural host range which includes arthropods, birds, and mammals. Rickettsiaceae 

Chapter One Introduction 14 



are one of three families of the order Rickettsiales, the others being Bartonellaceae and 

Anaplasmaceae (Drancourt, 1994) which are not discussed here. Within the family 

Rickettsiaceae are three tribes, consisting of Rickettsieae, Ehrlichieae and Wolbachieae. 

The tribe Rickettsieae contains three genera of organisms that have successfully adapted to 

a parasitic existence in man: Rickettsia, Rochalimaea, and Coxiella (Weisburg et al., 

1989), Figure 2. The classification of Rickettsia is under review as new information is 

discovered. For example, Coxiella bumetii was recently removed from the order 

Rickettsiales due to the advent of 16S rDNA sequencing from which it was concluded that 

greatest similarity was to the gamma subgroup of the Proteobacteria. Rochalimaea has 

also been moved, on the basis of 16S rRNA sequence analysis, to the Bartonellaceae, 

having greater similarity to the alpha 2 subgroup of Proteobacteria (Weisburg et al., 

1989). Classification of intracellular bacteria is not as standardised as with other 

microorganisms, partly due to the problems encountered when growing and successfully 

isolating these organisms from cell material. The advent of molecular biological 

techniques, especially in the use of the polymerase chain reaction (PCR) has facilitated 

identification of new rickettsiae or rickettsia-like organisms. There are 14 known 

rickettsioses affecting man; six of these organisms and their diseases have only been 

identified in the last 12 years. The taxonomy of rickettsiae is therefore emerging rapidly 

due to advances in classification and identification techniques. 

The genus Rickettsia is divided into three separate groups; the typhus group 

includes Rickettsia typhi, causative agent of Murine Typhus, and Rickettsia prowazekii 

which causes Epidemic Typhus. The Spotted Fever Group contains approximately 20 

organisms, including Rickettsia rickettsii which causes the disease Rocky Mountain 

Spotted Fever (RMSF), and Rickettsia sibirica, which causes the disease Siberian Tick 

Typhus. The last group is the Scrub Typhus group containing Rickettsia tsutsugamushi, 

causative agent of Scrub Typus or Chigger-borne Typhus. This organism was recently 

placed in a new genus, Orientia tsutsugamushi, due to rRNA gene analysis. Their ecology 

involves a complex interaction of arthropod vectors and higher animals including humans. 

Infection of humans and animals is normally via an arthropod vector, with the exception 
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Spotted Fever 
Rickettsia Scrub Typhus 

Rickettsiaea Rochalimaea 

Coxiella 

Rickettsiaceae Erhlichiaeae-Ehrlichia 

Cowdria 
Neorickettsia 

Wolbachieae -Wolbachia 
\-'Rickettsiella 

Bartonella 
Bartonella 

Grahamella 

Anaplasma 
Aegyptionella 

Haemobartonella 

Figure 2 Family Rickettsiaceae, Bartonellaceae and Anaplasmataceae 

The above table shows an updated account of the three families. 
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of Coxiella bumetii. This organism may be transmitted by aerosols or by the ingestion of 

contaminated material, such as milk. Natural reservoirs of infection may be maintained by 

transovarial passage in arthropod vectors (for example R. tsutsugamushi in mites and R. 

rickettsii in ticks) or by infection of rodents (R. typhi) or humans (R. prowazekii and 

Rochalimaea quintana) (Weiss and Moulder, 1984). 

1.13 History of rickettsial research 

The first microbiological description of rickettsiae was in the first decade of this 

century by Howard Ricketts, who described the etiologic agent of Rocky Mountain 

Spotted Fever. The agent was cultivated in small laboratory animals, from which the 

natural ecology and epidemiology were deduced. Other investigators used similar 

experimental approaches to understand several of the related diseases. The family name 

Rickettsiaceae honours Ricketts who, with a number of other early rickettsiologists, were 

eventuafly killed by the disease agents they were studying. 

Rickettsial infections are distributed worldwide and have been significant factors in 

history, with epidemic typhus being associated with war, famine, and human suffering as 

reported in the classic book by Zinsser in 1935; a more recent review of the history of 

rickettsiae is also provided by Zinsser in 1988, as cited by Raoult & Roux (1997). Once 

the importance of the arthropod vector was appreciated outbreaks of typhus fever were 

prevented by using vector control measures. The use of tetracycline and chloramphenicol 

antibiotics has also brought the rickettsioses under control (Williams and Winkler, 1984). 

1.14 Structure of rickettsiae 

Rickettsiae are pleomorphic, rod-shaped or coccoid organisms that range in size 

from 0.3-0.6gm in width by 0.8-2. Ogm in length (Weiss, 1982). They stain poorly with 

Gram's stain, however, their chemical composition and ultrastructure resembles those of 

Gram-negative bacteria (Anderson, 1965). A trilaminar cell membrane consisting of a 

cytoplasmic membrane and a double leaflet cell wall has been observed by electron 

microscopy (Hase, 1985). There are subtle differences between cell membranes of 

different rickettsiae, e. g. typhus and spotted fever group rickettsiae have a thick inner cell 

wall leaflet, whereas scrub typhus rickettsiae have a thick outer leaflet (Smith, 1979). 
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Rickettsiae also lack flagella and pili (Anderson, 1965). The capsular material which they 

produce can be stained with ruthenium red and silver methenamine, and it is, therefore, 

thought to be a polysaccharide in nature (Weiss, 1982). This slime layer is much thicker 

around rickettsiae within the cells of fed ticks than in starved ticks. This is perhaps an 

indication that it may play a role in the biology of these organisms, because when the ticks 

are starved, their rickettsiae lose virulence for guinea pigs, reviewed by Weiss (1982) . 

The slime layer is easily lost upon purification, and is thus difficult to characterise; its 

relationship to virulence remains an unanswered question. Reviews on rickettsial 

morphology have been provided by Moulder (1985), Ormsbee (1985) and Winkler 

(1990). Ultrastructural examination of rickettsiae within the cytoplasm of their host cell 

reveals a prominent clear layer surrounding rickettsiae of all species examined (Silverman 

et al., 1992). Moulder (1985) and Winkler (1990) give details of some early experiments 

involving rickettsiae. The slime layer of R. rickettsii was examined in epoxy-embedded, 

sectioned cells and in unembedded, unsectioned infected cells using both conventional 

transmission electron microscopy and high voltage electron microscopy, respectively. 

Epoxy-embedded infected sectioned cells clearly showed a transparent slime layer, with 

no ultrastructural features. However, in whole infected cells examined under high voltage 

electron microscopy, fine structural features within the slime layer were clearly observed. 

Also visible at high magnifications were long extensions of rickettsial outer membranes, 

microfilament structures attached to the outer membrane and extensive attachments 

between adjacent rickettsiae. These electron-dense structures within the slime layer can 

also be seen in polyethylene glycol-embedded specimens when viewed under conventional 

transmission electron microscopy. The microfilament attachments are thought to be 

important in the movement of rickettsiae into the cytoplasm. Members of the Spotted 

Fever Group have been observed in the nucleus and cytoplasm of infected host cells and 

movement within the cell is due to the polymerisation of actin (Burgdorfer et al., 1968, 

reviewed by Burgdorfer, 198 1: Heinzen et al., 1993 and Teysseire et al., 1992). Typhus 

Group rickettsia have been identified within the cytoplasm only, although in experiments 

conducted by Teysseire and co-workers they were able to show that both Spotted Fever 
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Group and Typhus Group rickettsia (R. conorii and R. typhi respectively) stained 

positive for actin with NBD-phallacidin. Differences were apparent in the length and the 

number of organisms with actin tails. R. conorii had the longest tails, with between 20 

and 68% of organisms examined displaying an actin tail. For R. typhi , less than 1% of 

the sample organisms had an actin tail and these were considerably shorter than those of 

R. conori. It was therefore postulated that the genes responsible for actin polymerisation 

are present throughout the genus but only expressed within closely related groups. 

Rickettsia have traditionally been classified on their location within the cell- Spotted Fever 

Group are present in the cytoplasm and nucleus, and Typhus Group are found in the 

cytoplasm only, their optimal growth temperatures are 320C for the Spotted Fever Group 

versus 350C for the Typhus Group. It has been shown that the Typhus Group rickettsiae 

have lipopolysaccharide (LPS), but in Scrub Typhus there is no evidence of LPS . The 

LPS from the spotted fever group of rickettsiae has antigenic cross-reactivity with the LPS 

from Proteus species (Amano et aL, 1993) and this is the basis of the Weil-Felix reaction 

used in diagnosis of rickettsial infection. 

New Spotted Fever Group rickettsia are identified using an indirect 

immunofluorescence test and restriction fragment length polymorphism (RFLP) of PCR- 

amplified products (Anacker et al., 1987; Eremeeva et al., 1993; Obijeski et al., 1974; 

Regnery et al., 1991 and Philip et al., 1978 which are all cited in Raoult and Roux, 1997). 

1.15 Coxiella 

Coxiella burnetii is the only species of the Genus Coxiella, and 16S rRNA 

sequencing placed C bumetii, Wolbachia persica and Legionella pneumophila in the 

gamma subdivision of Proteobacteria. Rickettsia, Ehrlichia and Bartonella spP. were 

placed in the alpha subgroup (Weisburg et al., 1989). Coxiella bumetii causes the disease 

Q fever which is prevalent worldwide; transmission usually occurs via aerosols arising 

from contaminated material and transmission to humans via a tick bite is extremely 

unusual. In contrast to Rickettsia and Rochalimea, Coxiella grows preferentially within 

the host membrane-bound vacuoles containing lysosomal enzymes (phagolysosomes) 

(Ormsbee, 1985). The outer layers of Coxiella burnetii is composed of outer membrane 
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proteins (OMPs), LPS and A- I -gamma type peptidogycan (Mege et al., 1997). Mutational 

variation in Coxiella bumetii LPS can occur due to phase variation. In Phase I, the LPS is 

smooth and the organisms are highly virulent when recovered from infected humans and 

animals. Phase II results from serial passages of Phase I organisms, and these organisms 

have reduced virulence and rough LPS. The smooth to rough transition in the LPS is due 

to changes in the sugar composition; in Phase I organisms sugars such as L-virenose, 

dihydrohydroxystreptose and galactosamine can be found, but these sugars are not present 

in Phase II (Amano et al., 1993). Coxiella bumetii forms different sized variants and 

produces spores under specific environmental conditions (Mege et al., 1997). The 

bacterial genome contains 1600 kb DNA. Genes from C bumetii which have been cloned 

and expressed in E. coli include g1tA, citrate synthase gene (Heinzen et al., 1991), the 

superoxide dismutase gene, heat shock proteins htpA and htpB (Vodkin, 1988) and also 

the 27kDa surface antigen (Hendrix, 1993). This organism also contains plasmids 

designated QpHI, QpHR and QpDG, although controversy still surrounds their actual 

function . 
1.16 Ehrlichieae 

The genus Ehrlichia parasitises circulating leukocytes of humans and a variety of 

wild and domestic animals. Ehrlichia sennetsu has a predilection for mononuclear 

leukocytes as does the closely related species, E. canis. (Rkihisa et al., 1994). Both exist 

within the cytoplasm in membrane-bound vacuoles that form inclusions containing a 

variable number of organisms. Three developmental stages are observed microscopically: 

the earliest forms are termed elementary bodies and they in turn become the slightly larger 

initial bodies, which give rise to even larger bodies (Weiss, 1982). 

1.17 Metabolism of rickettsiae 

The intracellular location of rickettsiae in the host cell cytoplasm provides them 

with an extensive array of preformed metabolites (Weiss, 1982; Winkler, 1990). The 

metabolism of rickettsiae is very primitive, in that they oxidise only one amino acid, 

glutamate, by means of the tricarboxcylic acid cycle, and they cannot oxidise glucose. In 
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exploitation of their intracytoplasmic niche, rickettsiae have evolved carrier-mediated 

transport systems for key phosphorylated compounds (Moulder, 1985) 

ATP generated by the aerobic oxidation of glutarnate appears to be the chief source 

of energy. Winkler (1990) has shown that rickettsiae have a carrier-mediated transport 

system for ATP and ADP, which is functionally similar to that used by mitochondria. The 

ATP/ADP exchange system provides the exchange of extracellular and intracellular 

adenine nucleotides on a one-for-one basis. It does not catalyse the net transport of 

nucleotides, and is highly specific for ATP and ADP. Rickettsiae can therefore generate 

their own ATP by oxidative phosphorylation via the TCA cycle, or can take up ATP from 

the host cytoplasm, by means of their ATP/ADP transport system. In summary, rickettsiae 

can generate their own energy, or obtain ATP from the host cell. Exogenous ATP is 

reduced when the rickettsiae are internalised; evidence for this process is that R. 

tsutsugamushi and R. prowazekii are dependent on a constant supply of glutamate, 

which is oxidised with the concomitant phosphorylation of ATP. Host cell entry is one of 

these activities; when either scrub or louse-bome typhus agent is deprived of glutamate, its 

ability to enter cells is drastically reduced. These observations fit the conclusion that 

rickettsiae enter host cells by induced phagocytosis (Moulder, 1985) and (Weiss, 1982). 

1.18 Entry of rickettsiae into cells 

At present the mode of rickettsial entry into host cells is not entirely clear. Cohn et 

al., (1959) as cited in Osterman, (1985) exposed cultured mouse lymphoblasts in 

complete tissue culture medium to partially-purified rickettsiae and showed by light 

microscopy that 90% of cells were infected within 30 minutes and nearly 100% in 120 

minutes. They also found that rickettsiae rendered nonviable by treatment with either heat, 

UV irradiation or formalin did not penetrate into the host cells and that the penetration of 

viable rickettsiae was enhanced by the presence of L-glutamate, the principal energy 

source of rickettsiae, in the medium. 

In their natural hosts, rickettsiae preferentially enter endothelial cells lining the small blood 

vessels, and most of the host damage incurred in rickettsial infections stem from the 

infection of these cells (Walker, 1984). R. tsutsugamushi and R. prowazekii readily 
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enter professional and non-professional phagocytes both in vivo and in vitro by a 

mechanism resembling phagocytosis. They are internalised within a phagosomal 

membrane from which they quickly escape (Walker, 1984); this is thought to be due to 

phospholipase A2 activity weakening or perforating the host cell membranes (Manor et al. 

, 1994; Silverman et al., 1992; Winkler and Daugherty, 1989). Rickettsial infection of 

cells has also been demonstrated to be associated with actin polymerisation (Heinzen et 

al., 1993; Teysseire et al., 1992). 

The nature of the adherence step, the rickettsial adhesin, and the host cell receptor 

are still unknown. R. prowazekii can infect cells ranging from the epithelial cells of the 

louse gut, through avian and rodent cells all the way to human fibroblasts and endothelial 

cells, suggesting that the receptor may not be highly specific, and may have a relatively 

low affinity . It has been suggested that the receptor is cholesterol (Ramm and Winkler, 

1976; Wisseman, 1982 as cited by Osterman 1985). 

1.19 Intracellular Release 

Release of rickettsiae from host cells is a rare example of divergence among 

species that are likely to share a comparatively recent evolutionary ancestor. Studies with 

R. prowazekii and chick embryo fibroblasts have shown that 72-96 hours after infection 

the cells are packed with rickettsiae (Moulder, 1985). After this time the cells suddenly 

break open and release continues for many hours with the surrounding cells being 

infected. Cytopathic changes are only apparent late in infection, when host cells have 

clearly begun to disintegrate (Khavkin, 1981, cited by Osterman 1985). Lysis may be due 

to overburdening the host cells with large numbers of rickettsiae or it may result from the 

action of phospholipase A, which has been firmly implicated in the entry and exit of R. 

prowazekii into host cells (Winkler and Daugherty, 1989). 

The interaction of R. rickettsii with L-cells or chick embryo fibroblasts is similar 

to that of R. prowazekii. Although as early as 10 hours after infection intact host cells 

begin to release infectious material, there is a substantial build up of rickettsiae in the 

medium and a rapid spread of infection to uninfected host cells. Electron microscopy 

studies show a loss in plasma membrane integrity, but only late in infection after extensive 
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shedding of rickettsiae has occurred. Early release of R. rickettsii from host cells may be 

responsible for the rapid spread of infection characteristic of spotted fever. 

R. tsutsugamushi offers a different pattern of release. By electron microscopy and light 

microscopy studies it has been shown that it is extruded in projections from the surface of 

intact cells (Rhikhisa, 1981 reviewed by Burgdorfer). In peritoneal mesothelial cells from 

infected mice, rickettsiae are seen at the free cell surface within envaginations of the 

plasma membrane, sometimes connected by a stalk to the host cell. They are released still 

surrounded by host cell membranes. These membrane-bound rickettsiae infect other host 

cells, but rickettsiae without membranes do not (Moulder 1985; Winkler 1990). 

As Rickettsiae do not make powerful exotoxins, it is most likely that they cause 

damage by directly killing the cells that harbour them; lysis of endothelial cells leads to 

rupture of capillaries and small vessels. Rickettsia and Coxiella injure host cells in 

varying degrees depending on the nature of the host cell, the particular species and strain 

of parasite, and the multiplicity of infection (Winkler, 1990). 

1.20 Antigenic structure 

Differences in the antigenic composition of pathogenic rickettsiae facilitated their 

classification into genera, groups and species. A recent review by Drancourt (1994), 

shows the most recent taxonomic positions of rickettsiae, and Weisburg et al., (1989) 

covers the phylogenetic diversity of rickettsiae. Table 4 lists the order Rickettsiales and the 

family, tribes and genera encompassed within this order. There is no common antigen for 

all members of the family Rickettsiaceae. 

Two major types of antigen have been detected in rickettsiae; these are either soluble 

group-specific antigens representing shed capsular material, or type-specific antigens 

associated with the cell wall (Dasch, 198 1; Hanson, 1985; Anderson and Tziabos, 1989; 

Oaks et al., 1989; Anderson et al., 1990). Antigenic differences permit further speciation 

within the first two groups (Xuejie et al., 1990). Additional methods of separating various 

biotypes include the cross-protection test in laboratory animals, DNA base ratio analysis 

and reactivity to monoclonal antibodies (Oaks et al., 1989). The essential protective 

antigens of R. prowazekii and R. typhi are species-specific and heat labile (Dasch et al., 
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1981). An homologous, water-soluble, 120kDa polypeptide constitutes the microcapsular 

protein layer lying outside the rickettsial outer membrane. This 120kDa antigen and a 

second surface protein of 155kDa have been identified as major protective antigens in the 

humoral response to experimental infection. 

Members of the spotted fever and typhus group rickettsiae all contain a l7kDa 

antigenic protein. Genes encoding this protein from various pathogenic species have been 

cloned, sequenced and compared and all exhibit a high degree of sequence homology. 

However, selected sequences of the genes of the l7kDa antigens are unique to the spotted 

fever group and have been used to synthesise primers for use in the PCR (Amano et al., 

1993). 

As noted above, phase variation analogous to smooth to rough variation in bacteria 

has been observed in C burnedi, but in no other rickettsiae. In C bumetii there are two 

main surface antigens; the presence or absence of phase I antigen causes the phase 

variation. Organisms isolated from natural infections are in phase I, but after repeated 

passage in the yolk sac, the LPS antigen appears, and the organisms move into phase 11. 

Transition between the two phases may occur when one or more carbohydrates from the 

LPS moiety are no longer synthesised. Since the polysaccharide phase I antigen interferes 

with immune phagocytosis and antibody production it may serve to conceal the organism 

from the immune system of its natural host and permit inapparent infection of long 

duration (Valkova and Kazar, 1995). 

1.21 Molecular genetics 

The study of rickettsial genes stems from early investigations on the composition 

and size of the genome, and the circularity and size of the R. prowazekii genome have 

been determined by pulsed field electrophoresis. 

The molecular genetics of rickettsiae has been reviewed by Winkler (1990). A 

wide selection of rickettsial genes have been cloned (see Aliabadi et aL, 1993; Aniskovich 

et aL, 1991; Mahan et aL, 1994; Scheunke and Walker, 1994; Hendrix, 1993; Hickman, 

199 1; Crocquet-Valdes et aL, 1994; Emelyanov, 1993; Gilmore et aL, 199 1; Hahn et aL , 
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1993; Shaw and Wood 1994; Stover et al., 1990; Ohashi et al., 1990), these are 

surnmarised in Table 4. 

The first cloning and expression of a rickettsial gene in E. coli was by Wood et 

al., (1983), and the protein for citrate synthase, an enzyme which had previously been 

purified, was expressed in E. coli. The deduced protein sequence of the R. prowazekii 

citrate synthase shows that the enzyme has a weight of 49kDa, comparable in size with 

both E. coli and pig heart monomers (Wood et al., 1987), and comparison of the 

sequence of the E. coli and rickettsial citrate synthase enzymes shows 59% homology of 

amino acid sequences. This contrasts with only 20% homology between the rickettsial and 

pig heart enzymes, and these comparisons are intriguing since the rickettsia] citrate 

synthase shares the regulatory properties of the pig heart enzyme rather than those of the 

E. coli enzyme (Phibbs, 1982 cited by Winkler 1990). The sequence of the ATP/ADP 

translocase gene shows that it codes for a membrane protein with a weight of 57kDa. The 

rickettsial translocase bears little resemblance to the mitochondrial ATP/ADP translocase. 

While both translocases are hydrophobic, basic membrane proteins, there is no homology 

between the translocases, even at the amino acid level; the mitochondrial translocase is 

much smaller and is functionally a dimer. 

The recA gene from R. prowazekii has also been isolated and 

characterised by Dunkin and Wood (1994). A gene bank of R. prowazekii strain E was 

prepared in % EMBL4 in E. coli where 37,16 and 14 kDa antigens were expressed 

(Aniskovich et al. 199 1). Three OMPs were also cloned and expressed in E. coli by 

Emelanov et al., (1993). Genes for protein antigens from R. prowazekii (52kDa, Krause 

et al., 1985 as cited by Mallavia, 199 1), R. rickettsii (I 7kDA and 155kDa, McDonald et 

al. 1987) and R. tsutsugamushi (56 and 110 kDa, Oaks et al., 1989) have also been 

cloned and expressed in E. coli. The genes for the l7kDa antigen from R. conorii, R. 

prowazekii and R. typhi have been cloned, sequenced and compared to the equivalent 

gene in R. rickettsii (Smith 1979). 
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Gene Organism Reference 

t1c ATP/ADP translocase R. prowazekii Krause et al., 1985 

Williamson et al., 1989 

glt A citrate synthase R. prowazekii 

C bumetii 

Wood et al., 1983 

Wood et al., 1987 

Heinzen et al., 1987 

sod superoxide dismutase C bumetii unpublished 

51 kDa surface Antigen R. prowazekii Krause et al., 1985 

17 kDa surface Antigen R. rickettsii 

R. conorii 

R. prowazekii 

R. typhi 

Anderson et al., 1997 

Anderson et al., 1989 

120 kDa surface antigen R. rickettsii Gilmore et al., 1989 

155 kDa surface antigen R. rickettsii Policastro et al., 1990 

190 kDa surface antigen R. rickettsii Anderson et al., 1990 

sta 56 surface antigen R. tsutsugamushi Stover et al., 1990 

sta 58 heat stress protein R. tsutsugamushi Stover et al., 1990 

Stp II R. tsutsugamushi Stover et al., 1990 

Sta 150,110,72,56,49, 

27 & 20 kDa surface Ags 

R. tsutsugamushi Oaks et al., 1989 

Oaks et al., 1987 

htpA, hrpB 

heat shock proteins 

C bumetii Stover et al., 1990 

Table 4 Selection of genes cloned from Rickettsiae Genetics of 
Rickettsiae is reviewed by Mallavia, (199 1) and cites the above references. 
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Differences in the nucleotide sequence of the gene encoding the 58kDa antigen of R. 

tsutsugamushi have been shown by restriction mapping of DNA in a comparison between 

eleven R. tsutsugamushi isolates. The results indicate that significant genetic differences 

occur within this species. The transcription of rickettsial genes in E. coli requires that 

promoters on the rickettsial gene be recognised by the E. coli RNA polymerase. 

Upstream promoter sequences in the four l7kDa antigen genes show great similarity to the 

consensus sequence of E. coli promoters. The rickettsial genome is greater than 70% A-T 

rich, therefore, promoter-like sequences are easily found. 

1.22 Vaccines 

A vaccine has been developed for the 155 kDa genus-common antigen that successfully 

protected mice against a normally lethal dose of R. rickettsii , and this was also used to 

vaccinate guinea pigs in which a dose-dependent immune response was elicited. 

Transformants containing the gene for the 155kDa antigen produced both heat-sensitive 

and heat-resistant epitopes recognised by monoclonal antibodies when sonic lysates from 

recombinant E. coli containing this subclone were used (McDonald et al., 1987). Also a 

recombinant R. conorii vaccine has been successfully used to protect guinea pigs against 

the disease, Rocky Mountain Spotted Fever and a formalin-killed vaccine of R. rickettsii 

was used to successfully protect human volunteers against this organism (Dumler et al., 

1992). The 56 kDa antigen of R. tsutsugamushi has been suggested as a vaccine 

candidate against scrub typhus (Seong et al., 1997), and rOmpA has been suggested as an 

ideal candidate as a subunit vaccine for Spotted Fever Group rickettsia due to its 

conservation across several pathogenic Spotted Fever Group organisms (Crocquet-Valdes 

et al., 1994). The rOmpA protein has also been employed in a baculovirus-expressed 

vaccine and this was successfully used to immunise guinea pigs inducing antibodies 

which reacted with R. rickettsii and which protected them against a second challenge with 

virulent organisms (Sumner et al., 1995). 
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1.23 Fish vaccines 

The first commercially used fish vaccine was a killed vibriosis bacterin which was very 

effective and simple to produce. Killed bacterial vaccines for Vibrio anguillarum 

(vibriosis), Vibrio ordalii (vibriosis) and Vibrio salmoninarum (Hitra) have all proved 

simple to produce and they can be administered by immersion bath; the protective antigen 

in each case is LPS 0-polysaccharide (Lillehaug, 1990). Bacterin vaccines have also been 

developed for Aeromonas salmonicida (Middtyling, 1997) although these require 

incorporation of an oil adjuvant to be effective. Live vaccines provide a desirable 

development as they can often be administered more easily than the alternative killed 

vaccines. A potential drawback with live vaccines is the reversion to virulence, although 

the use of suitably engineered mutants of A. salmonicida should avoid this problem 

(Vaughan 1997). 
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OBJECT OF RESEARCH 
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This project was directed towards the long term aim of producing a recombinant vaccine 

for use in control of piscirickettsiosis in salmonids. 

The specific aims were to: 

1. grow P. salmonis in tissue culture cell lines in the laboratory; 

2. purify the organism from cellular material in sufficient quantities for extraction of DNA; 

3. prepare a P. salmonis recombinant library in a phage lambda vector; 

4. characterise the recombinant library and prepare probes for screening the library to 

identify clones for further analysis. 

In addition, since a new isolate of P. salmonis was discovered during the project: - 

5. to characterise the rickettsial agent isolated form an outbreak of disease in Atlantic 

salmon in Scotland. 

The first section involved culture of cell lines in antibiotic-free media, and 

monitoring the growth of P. salmonis in cell culture. 

The second section involved scaling up the production of infected cell cultures to 

provide sufficient bacteria for purification by differential and density gradient 

centrifugation. Purified bacteria were used in section 3 for extraction of DNA and 

preparation of a library in lambda ExCell, some characteristics of which were analysed in 

section 4, namely, release of inserts from the library, determination of their size, partial 

characterisation of some inserts by sequence determination. 

The last section arose following the discovery of an outbreak of disease in Atlantic salmon 

at two sites in Scotland. The organism had the characteristics of a rickettsia and its 

morphology, and replication in tissue cultures were studied. So that the relationship 

between the organism and existing piscirickettsia could be determined the 16SrRNA 

sequence was analysed. Antiserurn was also raised to purified bacteria and preliminary 

characterisation carried out by ELISA and immunoblotting. Finally, DNA was extracted 

form purified bacteria and used to prepare a recombinant library in lambda Fix 11 (, %FixII). 
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MATERIALS AND METHODS 
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2.1 Source of reagents 

Unless otherwise stated, all chemicals were supplied by Sigma Chemicals, and all 

restriction and modifying enzymes were supplied by GIBCO, Life Technologies Ltd. 

2.2 Bacteria and conditions of culture 

2.2.1. Bacterial strains 

The bacterial strains used or constructed in this study, with the exception of P. 

salmonis (see below) are shown in Table 5. Strains of E. coli were maintained on LB 

plates, supplemented where required with the appropriate antibiotics; long-term storage 

was at -700C in LB supplemented with 50% glycerol, or on PROTECT beads supplied 

by Technical Service Consultants Ltd. 

2.2.2 Bacterial growth media 

The composition of media is given in Appendix 1. All media were sterilised by 

autoclaving at 108 kPa for 20 min or by filtration through a sterile 0.22 Rm Millipore 

filter. Glassware was sterilised by heating to 1600C for 2 hr. When required, 

antibiotics were added after sterilisation of the medium to the following final 

concentrations: ampicillin, 50 [tg/ml; carbenicillin, 50 gg/ml; kanamycin, 50 Rg/ml; 

chloramphenicol, 12.5 gg/ml; tetracycline, 10 gg/ml; spectinomycin, 50 gg/ml, and 

streptomycin 10 gg/ml;. When required, X-gal (5-bromo-4 chloro-3-indolyl-B-D- 

galactoside) in DMF (dimethylformamide) and IPTG (isopropyl-thiogalactoside) were 

added to final concentrations of 40 [tg/ml and 2 gg/ml respectively after sterilisation. 

2.3 Bacteriophages and plasmids 

2.3.1 Bacteriophages 

The phages and plasmids used in this study are described in Table 6. Phage lysates 

were maintained in the dark at 40C in SM buffer with one drop of CHC13 added; long 

term storage was at -200C. 
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Table 5 Bacterial strains used in this study and their sources 

Strain Properties 

Escherichia coli 

XL1-Blue sup E44 hsd R 17 rec AI end AI gyr A46 thi rel AI 

lac -F [pro AB+ lacjq lac Z (A M 15 Tn I O(tet r )] 

(Bullock et A, 1987) supplied by Stratagene. 

XLI-Blue MRA A(mcrA) 183, A(mcrCB-hsdSMR-mff) 173, endAl, 

supE44, thil, gyrA96, relAI, lac 

XLI-Blue MRA (P2) XLI-Blue MRA (P2 lysogen) supplied by 

Stratagene 

NM522 [F'IaclqZ(MI5], proA+B+IsupE, thi-l, ( 

(lac-proAB)((hsdMS), (mcrB)5(rk-, 

mk-mcrBC-), supplied by Pharmacia. 

LE392 sup E44sup F58hsd R514gal K2gal T22met 

B ItrpR551ac YI (Borck et A, 1976; Muffay et aL, 

1977) supplied by Pharmacia. 

TGI supE hsd A5 thi A (lac -proAB)F' [traD36, 

proAB+Iaclqlac Z AM 151 (Gibson, 1984) 

NP66 thr, leu, pro, thi, bio, c1857 int+xis+, (HI, lacZM 15, 

cmr)pJN 13 [(80 repressor, pACY 184 repl icon] 

/pXis[xis+repliconl/pXisfxis+, strr, pSCIOI replicon] 

Supplied by Phannacia 

Legionella pneumophila Knoxville serogroup I grown on yeast charcoal agar 

supplied by Dr M. Djebarra, Glasgow Univ. 

Antibiotic sensitivities : cm, chloramphenicol; str, streptomycin; spec, spectinomycin. 
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Table 6 Phages and plasmids used in this study 

Phage Supplier 

%ExCell Phannacia 

XFixIl 

)xll857Sam7 -wtl 

M13KO7 

Stratagene 

Stratagene 

Helper phage, GIBCO 

Plasmid Supplier 

pUC18 GIBCO, Life Technologies 

pExCell Phan-nacia 

pAG16SI pUC18 with P. salmonis 16S gene this study 

pAGMIP pUC18 with L pneumophila MIP gene this study 

pAGB41.21 pUC18 with 3.5 kb insert (B41.21) from P. salmonis 
ýJ]ExCell, this study 
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2.3.1.2 Titration of phage suspensions 

Phage stocks were titred using methods described by Silhavy et A (1984). Dilutions of 

stock, lysates, from 10-1 to 10-6, were prepared in SM buffer for each titration. Titres 

were calculated using the formulae: - 

phage concentration (pfu/ml) = no. of plaques x diln. factor 

vol. of extract plated 

recombinants/mg = total pfu 

total mg DNA packaged 

total pfu = titre x total extract vol. 

2.3.2 Plasmids 

All plasmids used or constructed are described in Table 6. 

2.4 Culture of Piscirickettsia salmonis 

2.4.1 Bacteria 

Piscirickettsiasalmonis was supplied by Marine Harvest Chile (labelled isolates A, B 

and Q, Marine Harvest McConnell, Lochailort (Ardintoul strain), and the type strain 

LF-89, was obtained from ATCC. 

2.4.2 Tissue culture 

2.4.2.1 Tissue culture cell lines and their maintenance 

The fish cell lines CHSE-214 (Chinook salmon embryo derived) and RTG-2 (rainbow 

trout gonad derived) and the frog derived cell line, XTC originating from Xenopus 

leavis, South American clawed toad were maintained in Minimal Essential Medium 

(MEM) with Earle's salts, supplemented with 10% foetal calf serum (FCS) and I% L- 

Glutamine. in the absence of antibiotics at 150C. All media were obtained from Gibco 

Life Technologies Ltd., Paisley. 

Cell lines were maintained until a confluent monolayer was visible by light microscopy, 

taking approximately 2-5 days depending on the size of flask and inoculum. The 

monolayer was rinsed with 5 ml trypsin/EDTA solution, which was removed and 

replaced with Iml trypsin/EDTAsolution until cells were visibly sloughing off the flask 
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base. The cells were resuspended in growth medium, divided into flasks at a ratio of 

1: 2 and incubated as above. 

2.4.2.2 Storage of cells in liquid nitrogen 

Medium was decanted from a confluent monolayer of cells and I ml of Trypsin/EDTA 

solution was used per flask to rinse the monolayer. After incubation for a few minutes, 

when the cells had begun to slough off the flask surface, 5 ml of growth medium was 

added, the cells washed off the surface of the flask and collected in a sterile universal 

bottle. The cells were collected by centrifugation at 1000 rpm for 2 min, and 

resuspended in 2 ml of FCS with 10% DMSO. The suspension was distributed into 

Nunc tubes (1 ml each) which were placed in a container (Jencon) of isopropanol; the 

whole tub was incubated at 40C for I hr, then -200C overnight followed by -700C for 

Ih before final transfer to liquid nitrogen. 

When thawing, the tubes were removed from liquid nitrogen and immediately warmed 

to 370C in a water bath, the cells resuspended in warmed FCS, briefly centrifuged and 

resuspended in growth medium before addition to a culture flask. 

2.4.3 Growth of P. salmonis in tissue cultures 

P. salmonis LF89 was received as a culture frozen in dry ice and was stored at -70*C 

until required. After thawing, it was used to infect a 25CM2 flask of CHSE cells. The 

culture supernatant fluid obtained after 3 weeks was used to infect 70% confluent 

monolayers of cells. Infection resulted in cytopathic effects within approximately 7 

days, and the complete monolayer was lysed within 14 - 17 days. Other strains of P. 

salmonis were cultured similarly. 

Large scale culture of P. salmonis was carried out using either several (typically 12) 

150cm2 tissue culture flasks, or 2L roller bottles. 

2.4.4 Purification of A salmonis 

Infected supernatant of P. salmonis supplied by Chile, approximately 500 ml was 

divided between three 250 ml centrifuge tubes and centrifuged at 10,000 g for 10 min at 

40C. The supernatant was removed and the pellet resuspended in 10 ml MEM with 

0.1% Tween20. The sample was homogenised and centrifuged at 1000 rpm for 10 min 
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at 40C. The supernatant was filtered through an AP25 filter and centrifuged at 10,000 g 

for 10 min. The supernatant was discarded, the pellet resuspended in I ml MEM and 

layered onto a 50% isotonic Percoll gradient prepared in growth media. The gradients 

were centrifuged at 30,000 g for 60 min at 40C. The gradient produced two distinct 

bands, which were removed and resuspended in PBS and centrifuged at 10,000 g for 

30 min, this was repeated three times, the pellet was resuspended in 1 ml of PBS. 

Samples, 10 gl were removed for smears by fixing in formol saline, stained with 

acridine orange and Giemsa at various dilutions. 

2.5 Antisera 

2.5.1 Rabbit anti-P. salmonis antiserurn 

High titre serum was supplied by Marine Harvest Chile in three Eppendorf tubes 

labelled; PHAROS B95006: RABBIT No. SB51: Ag RICKETTSIA: 9.11.96 

The tubes were stored at -200C. 

2.5.2 Sheep anti-P. salmonis antiserum 

Rickettsiae were cultured in CHSE cells, purified by Percoll density gradient 

centrifugation, washed in PBS and inactivated by incubation overnight at 40C with 

formalin (final concentration 5% v/v). Cells were collected by centrifugation at 15000 x 

g for 10 min at 40C, washed twice in PBS, resuspended in PBS and the protein 

concentration (Bradford assay) adjusted to 115 mg/ml. 

Immunisation of a sheep was carried out by the Scottish Antibody Production Unit, 

Carluke, Lanarkshire. After obtaining pre-immunisation control serum, the sheep was 

immunised with I ml of the above antigen preparation emulsified in Freund's 

Incomplete Adjuvant on Day 1, and after 4,8,12 and 35 weeks. Blood samples were 

taken one week after each booster immunisation, serum obtained and stored at -200C 

until required for use. 

2.5.3 Fish antisera to P. salmonis 

Sera from fish immunised with inactivated P. salmonis were supplied by Dr. Enrique 

Madrid, Marine Harvest, Chile. 
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2.5.4 Horseradish peroxidase-labelled antisera 

Horseradish peroxidase (HRP)-labelled sheep-anti-rabbit IgG and HRP-labelled goat- 

anti-sheep IgG were obtained from SAPU; they were stored at -20*C and were used at 

a final dilution of 1/1000. 

2.6 Construction of genomic libraries of P. salmonis DNA 

2.6.1 Construction of a DNA library of P. salmonis LF89 isolate in 

%ExCell 

2.6.1.1 Preparation of rickettsial DNA 

Rsalmonis purified from tissue culture was supplied by Marine Harvest, Chile stored 

in 5 ml of ethanol. The entire sample was transferred to a 50 ml centrifuge tube and 

centrifuged at 10,000 xg for 30 min at 40C. The pelletted bacteria were resuspended in 

I ml sterile TE, pH8.0. The resuspended bacteria were incubated for 20 min at 370C 

with 1 mg/ml lysozyme; 0.5% SDS was added and 100 mg/ml Proteinase K, and the 

mixture incubated for 2 hr at 500C to ensure lysis complete. The DNA was then 

extracted twice with equal volumes of phenol: chloroform: isoamyl alcohol (25: 24: 1), 

then extracted with chloroform and precipitated with two volumes of ice-cold 100% 

ethanol, and 0.1 vol. of 3M NaAc. After incubation for 15 min at -700C the 

precipitated DNA was collected by centrifugation at 12,000 xg for 15 min at 40C and 

washed twice with 70% ethanol. The DNA was then air dried on the bench and 

resuspended in dH20. The addition of 10 gg of yeast tRNA supplied by Sigma was 

required due to the anticipated low DNA concentration, tRNA acts as a carrier to 

improve the recovery of small amounts of DNA. tRNA was prepared by dissolving 10 

mg/ml in sterile TE (pH7.6) containing 0.1 M NaCl. The solution was extracted twice 

with phenol equilibriated with Tris, pH7.6 and twice with chloroform. The RNA was 

precipitated with 2.5 volumes of ethanol at room temperature and recovered by 

centrifugation at 12,000 rpm for 15 min at 4 OC. Redisssolved at a concentration of 10 

mg/mI in sterile TE, aliquoted and stored at -20 OC. 
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2.6.1.2 Partial digest of P. salmonis DNA 

The purified DNA (10 ng) was partially digested with EcoRI to produce compatible 

ends for ligation into the X ExCell vector. To determine appropriate conditions for 

partial digestion, control reactions were set up using Aeromonas salmonicida DNA and 

Pasteurella haemolytica DNA; these experiments showed that digestion with 5 units of 

EcoRI for 30 min at 370C produced a high proportion of fragments in the size range 0 

to 6 kb, the size range recommended for the cloning vector. The partially digested P. 

salmonis DNA was extracted with phenol: chloroform and ethanol precipitated to 

remove buffer and enzyme which could interfere with ligation reactions. 

2.6.1.3 Ligation of insert DNA to vector 

The ?, ExCelI vector (Promega) was supplied digested with EcoRI and 

dephosphorylated to minimise religation of vector to itself. Ligation was carried out 

with 10 ng of insert DNA and 2 gg of XExCelI vector at 160C for 4.5 h. 

2.6.1.4 Packaging ligated vector plus insert 

The packaging extracts were prepared as in the manufacturer's instructions and the 

ligated vector plus insert DNA was packaged to form infective lambda recombinants. A 

control packaging reaction was also set up using an extract of E. coli strain LE392 with 

control lambda DNA supplied by the manufacturer. Part of the packaging mixture was 

immediately titred and the remaining material stored at 40C. The results of the phage 

titrations are shown in Table 8. 

2.6.1.5 Preparation of host cells 

Strain NM522 is an E. coli K12 derivative which is restriction minus and modification 

minus. The Iyophilised culture was resuspended in I ml of LB and grown overnight at 

370C with shaking before plating onto M9 minimal medium containing I mg/ml 

thiamine. The strain must be maintained on minimal medium to ensure retention of the 

F episome which is required for infection by phage and complementation of B- 

galactosidase. NM522 was grown in LB or 2x YT media immediately prior to infection 

by phage. For long term storage a stationary phase culture, grown in either LB or M9 
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MM containing thiamine, was mixed with an equal volume of glycerol and stored at 

-700C. 

Strain NP66: The Iyophilised culture was resuspended in I ml of LB and grown 

overnight at 320C with shaking and subcultured onto LB plates containing 50 Rg/ml 

spectinomycin and 30 [tg/ml chloramphenicol. The plates were incubated at 320C. The 

strain was maintained on media containing the above antibiotics to ensure the presence 

of the plasmid pXis which is essential for in vivo release of pExCell. For long term 

storage, the above E. coli culture with appropriate antibiotics was mixed with an equal 

volume of glycerol and stored at -700C. 

2.6.1.6 Lawn cell preparation 

5 ml of broth inoculated with a loop of NM522 was incubated overnight at 370C with 

shaking; 5 ml of LB broth with 0.2% maltose was inoculated with 50 gl of the 

overnight culture and grown until the A600 reached 1.0, when the cells were harvested 

by centrifugation at 4000 rpm for 15 min at 40C. The pellet was resuspended in 10 MM 

MgS04 to a final A600 = 2.0. The cells were then ready for use but could be stored at 

40C for up to one week. 

2.6.1.7 BIue/white screening with ExCell and pExCell 

For blue/white screening 2 gl of IM IPTG and 50 gl of 10% X-gal (in DMF) were 

incorporated into the plating mixture or top agar. The increased concentration of X-gal 

compensates for the reduced activity of B-galactosidase caused by insertion of the multi- 

cloning site into the IacZ gene. 

2.6.1.8 In vivo release of phagemid pExCell from individual clones. 

The phage was obtained by taking a core from single fresh plaque and releasing the 

phage into 300 [tl of SM buffer by allowing diffusion for a minimum of I hour. 

The E. coli NP66 cell preparation was obtained by culture of the organism, overnight 

at 320C with shaking, in 5 ml of 2x YT broth containing 50 gg/ml spectinomycin, 30 

gg/ml chloramphenicol and 0.2 % maltose. From the overnight culture 50 gl was used 

to inoculate 5 ml of 2x YT broth containing 50 gg/ml spectinomycin, 30 gg/ml 

chloramphenicol and 0.2 % maltose, which was grown until an A600 of 0.5-0.8 was 

Chapter Two Materials and Methods 40 



reached. The cells were harvested by centrifugation at 4000 rpm for 15 min at 40C and 

the pellet resuspended in NZCYM containing 50 gg/ml spectinomycin to a final A600 

of 2.0. The cells must be used within I hour. 

2.6.1.9 Release of pExCell 

100 gl of the above freshly prepared NP66 cell was incubated at 390C for 20 min to 

allow expression of the proteins required for site-specific recombination between ihe 

attL and attR sites. 100 [d of SM solution containing the cored plaque was added to the 

NP66 cells and incubated for a further 20 min at 390C. To terminate infection of NP66 

with %ExCell 200 gl of IM sodium citrate solution (room temperature) was added and 

the mixture transferred to 5 n-d of prewarmed (320C) 2x YT broth containing 50 Rg/mI 

spectinomycin. The culture was incubated at 320C with moderate shaking for 1.5 h, 

and 50 [tI of the released culture was used to inoculate 5 ml of LB + ampicillin (100 

gg/ml) and incubated overnight at 370C with shaking, the released culture was also 

plated onto LB plates + ampicillin, from which DNA can be prepared by any of the 

usual protocols for plasmid DNA preparation. 

2.6.1.10 Production of single stranded pExCell DNA 

A colony of NM522 containing pExCell was transferred from an MM plate to 2x YT 

broth supplemented with 0.001%thiamine and 100 gg/ml ampicillin, and this culture 

was grown to an A660 of 0.5-0.8 at 370C; 2 ml of the culture was infected with the 

helper phage Ml3KO7 at a multiplicity of infection of 10. The culture was shaken at 

300 rpm for 1h in a 50 ml tube and 400 gl of the infected cells removed, mixed with 

10 ml of 2x YT media containing 70 gg/ml kanamycin and grown at 370C for 14-18 

hours in a shaking incubator at 300 rpm. Cells were removed by centrifugation at 4000 

rpm for 15 min at 40C and the centrifugation step repeated until a cell pellet was no 

longer obtained, leaving a supernatant containing the pExCell SS-DNA phage. To 

precipitate the SS-DNA, 0.25 vol. of 3.5 M ammonium acetate/20% PEG solution 

added was added and the solution mixed by repeated inversion. The solution was 

placed on ice for 30 min, centrifuged for 15-30 min at 11000 xg to collect the 

precipitated phage, the supernatant carefully removed and the tubes drained. The pellet 
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was resuspended in 400 ml TE with gentle vortexing and transferred to a 

microcentrifuge tube. An equal volume of phenol: chloroforrn: isoamyl alcohol (25: 24: 1) 

was added, the solution vortexed for 30 sec and then centrifuged for I min to separate 

the two phases. The upper phase was carefully transferred to a fresh tube where it was 

re-extracted, prior to a final extraction with chloroform. Ethanol precipitation was used 

to recover the DNA which was then air dried, dissolved in 10 gI of dH20 and stored at 

-200C. For DNA sequencing an A260/280 ratio of at least 1.7 is required. 

2.6.2 Construction of a DNA library of P. salmonis Ardintoul strain in 

Lambda FixII 

2.6.2.1 Preparation of genomic DNA from P. salmonis Ardintoul strain 

using CTAB 

This protocol was adapted from that of Ausubel et aL , (1987). Purified P. salmonis 

was prepared from infected tissue culture cells as described elsewhere; 1.5 ml of the 

bacterial suspension was centrifuged in a microcentrifuge at full speed to produce a 

compact pellet, the supernataýt was discarded and the pellet was resuspended in 567 RI 

TE buffer. Then, 30 gl of 10% SDS and 3 gl of 20 mg/ml proteinase K were added to 

give a final concentration of 100 gg/ml proteinase K in 0.5% SDS. The solution was 

mixed thoroughly and incubated for I hr at 37*C, during which time the solution 

became viscous as the detergent lysed the cell wall; 100 gl of 5M NaCl was added and 

mixed, then 80 [LI of CTAB/NaCl solution was added, mixed and incubated for 10 min 

at 65*C. An equal volume (700-800 gl) of chloroform: isoamyl alcohol (24: 1) was 

added, mixed and centrifuged for 5 min in a microcentrifuge. The aqueous supernatant 

was then transferred to a fresh microfuge tube leaving behind the white interface 

material. After adding an equal volume of phenol: chloroform: i so amy I alcohol 

(25: 24: 1), mixing thoroughly and centrifugation as above, the clear supernatant was 

again transferred to a fresh tube where 0.6 vol. of isopropanol was used to precipitate 

the DNA. At this stage it was not necessary to add salt to aid the precipitation since the 

NaCl concentration was already high. The DNA pellet was precipitated by 
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centrifugation at full speed (12000 rpm) in a microcentrifuge for 15 min at 4T. The 

DNA appeared as a white/clear precipitate along the side of the tube and was carefully 

washed with 70% ethanol and centrifuged again for 5 min; the supernatant was then 

carefully removed and the residual DNA pellet air dried on the bench. The DNA was 

resuspended in dH20 and stored at 4*C. 

2.6.2.2 Preparation of the insert 

Prior to ligation to the lambda FixIl vector arms the insert DNA was first partially 

digested with Sau3AI, by digesting approximately 0.7 gg Ardintoul isolate CTAB- 

processed genomic DNA for three diferent incubation times, 5,10 and 20 min, at 

370C. The three digests were pooled. 

2.6.2.3 Extraction of partially digested Sau3AI Ard DNA 

The pooled digests were extracted with an equal volume (30 gl) of phenol: chloroform: 

isoamyl alcohol (25: 24: 1), inverted for mixing and centrifuged in a microcentrifuge at 

12,000 rpm for 5 min at room temperature. The upper, aqueous, phase was again 

extracted with an equal volume of chloroform: isoamyl alcohol (24: 1) as above, and the 

upper phase transferred to a fresh Eppendorf for ethanol precipitation of the DNA 

which was finally dissolved in 10 gI dH20. 

2.6.2.4 Partial rill-in of the insert Ard DNA 

The first two nucleotides generated by the restriction digestion were filled in. To the 

digested Sau3AI insert DNA (10 gl) 5 gI of IOX fill-in buffer, 5 gI of 10 mM dGTP, 

5 gI of 10 mM dATP and 10 U of Klenow enzyme (2U/ gl) were added. The mixture 

was incubated at room temperature for 20 min, before addition of 33 gl of I Ox STE and 

100 gI of IX STE, followed by two extractions with phenol: chloroform, ethanol 

precipitation and final dissolution in 5 gI of dH20. 

2.6.2.5 Ligation of the filled-in insert DNA to Lambda Fixil arms 

To 2 gI of the above DNA preparation (approximately I ttg DNA), I gl Lambda FixII 

vector, I gI of T4 DNA ligase buffer (5X, GIBCO) and 2U of T4 DNA ligase, 2 g], 

were added and the ligation mixture incubated overnight at 40C. 

2.6.2.6 Ligation of pMF test insert 
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To the pMF test insert (0.3 gl contained 0.3 gg) was added I gl of lambda FixII vector 

(I gg), 1 gI of T4 DNA ligase buffer (5X, GIBCO), 2U of T4 DNA ligase (2 RI) and 

0.4 gl of dH20 to achieve a volume 5 gl; the ligation mixture was incubated as above. 

2.6.2.7 Control ligation - no insert 

To I [tl of Lambda FixII vector was added I [il of T4 DNA ligase buffer (5X, 

GIBCO), 2 gl of T4 DNA ligase (2U) and 2 gl of dl-120. The reaction mixture was 

incubated as above. 

2.6.2.8 Packaging the %FixH ligate with Gigapack H 

The required number of packaging extracts were removed from storage at -700C and 

placed on ice; each extract was individually warmed between the fingers until it began 

to thaw, and immediately the DNA was then added (I gl of each ligation). After gentle 

pipetting and brief centrifugation for 3-5 sec, the reaction mixtures were incubated at 

room temperature for 2h (n. b. this must not be exceeded); 500 RI of SM buffer and 

20 [tl of chloroform were added, the mixtures centrifuged briefly to remove debris and 

the supernatant transferred to a new Eppendorf tube for storage at 4*C until subsequent 

titration 

2.6.2.9 Positive control for the Gigapack H packaging extract 

The above procedure was followed substituting I gl of wt lambda cI 857DNA in the 

ligation mixture. 

2.6.2.10 Host cells for XFixII 

Host cells were E. coli XLI-blue MRA and MRA(P2) which were cultured at 37*C in 

LB broth. For infection by lambda the host bacteria were grown for 4 to 6h with 

shaking at 370C in the appropriate medium supplemented with MgSO4 and maltose 

until the A600 reached 1.0. The bacteria were harvested and resuspended in 10 mM 

MgSO4 to A600 = 0.5 and stored for 48 h at 40C. 

2.7 General DNA methods 

2.7.1 Plasmid DNA preparations 

2.7.1.1 Promega Wizard mini preparations 
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An overnight culture (5 ml) of bacteria containg the plasmid of interest was centrifuged 

for 10 min at 4000xg, the pellet resuspended in 200 gI of Cell Resuspension Solution 

(Appendix), and transferred to an Eppendorf tube; 200 gl of Cell Lysis Solution was 

added and gently mixed by inverting the tube several times. Mixing was continued until 

the suspension had cleared, when 200 gI of Neutralization Solution was added and the 

tube inverted several times before centrifugation at full speed (12000 rpm) in a 

microcentrifuge for 5 min. 

One ml of Wizard Minipreps DNA Purification resin was added to the supernatant and a 

Wizard minicolumn was prepared for each sample by removing the plunger from a3 ml 

disposable syringe and attaching the syringe barrel to the Luer-lock system on each 

minicolumn. The Resin/DNA mixture was pipetted into the syringe barrel, the syringe 

plunger was inserted and gently pushed forcing the slurry through the minicolumn. The 

syringe was detached from the minicolumn, the plunger removed and the minicolumn 

washed with 2 ml of Column Wash Solution. The syringe barrel was removed and the 

minicolumn transferred to an Eppendorf tube where it was centrifuged at full speed for 

2 min to remove any residual column wash solution. The minicolumn was transferred 

to a new tube and 50 gl of sterile dH20 was added; after waiting I min the DNA was 

eluted and centrifuged at top speed in a microfuge for 30 sec. The DNA was stored at 

4*C or -20*C. 

2.7.1.2 Promega Wizard plus SV miniprep plasmid purification system 

An overnight bacterial culture (5 ml) containing the plasmid of interest was centrifuged 

at 4000 rpm in a sterile plastic Universal bottle for 10 min at 4*C. The supernatant was 

removed and the tube was inverted on to a paper towel to remove residual supernatant; 

250 gl of Wizard SV Plus Cell Resuspension Solution was added and the pellet was 

resuspended by pipetting. The resuspended cells were transferred to a sterile microfuge 

tube, 250 [d of Wizard SV Plus Cell Lysis Solution was added and the tube inverted 

four times. The solution was incubated for 5 min at room temperature until the cell 

suspension had cleared; 10 gl of Alkaline Protease Solution was added and again the 

contents were mixed by inverting the tube four times. After incubation at room 

Chapter Two Materials and Methods 45 



temperature for 5 min (n. b. the 5 min incubation time should not be exceeded as 

nicking of the DNA can occur), 350 gl of Wizard Neutralization Solution was added 

and the tube immediately inverted four times. The bacterial lysate was then centrifuged 

at 12000 rpm (microfuge) for 10 min at room temperature. Plasmid DNA purification 

units were prepared by inserting one Wizard Plus SV Minipreps Spin Column into one 

2 ml Collection tube for each sample. The cleared lysate was then transferred to a 

Wizard SV Plus Miniprep Spin Column, the supernatant was centrifuged on a bench 

centrifuge for I min, the Wizard SV Plus Miniprep Spin Column was removed and the 

flowthrough discarded. The column was washed by the addition of 750 gl of Wizard 

SV Plus Minipreps Column Wash solution, and centrifuged on the bench centrifuge for 

I min. The column was removed and the flowthrough discarded, the column reinserted 

into the collection tube and 250 Itl of Wizard SV Plus Minipreps Column Wash 

solution added and centrifuged on a bench centrifuge for 2 min. The column was then 

transferred to a new sterile microcentrifuge tube where the plasmid DNA was eluted by 

adding 100 [il of nuclease-free water to the column and centrifugation for I min in a 

bench centrifuge. The DNA was stored at either 4*C or -20*C. 

2.7.1.3 Promega Wizard PLUS SV maxiprep plasmid DNA purification 

system 

For larger scale plasmid preparation the cells from 100-500 ml of an overnight E. coli 

culture grown with shaking at 37*C were collected by centrifugation at 5000 rpm for 10 

min at room temperature and the resultant pellet resuspended in 15 ml of Cell 

Resuspension Solution. Then, 15 ml of Cell Lysis Solution was added and mixed 

gently until cell lysis was judged to be complete, when the solution became clear and 

viscous; this process took up to 20 min. Neutralization Solution (30 ml) was added and 

the tube contents immediately mixed by inverting several times and incubation at room 

temperature for 10 min. The suspension was centrifuged at 12000 rpm for 15 min at 

20*C, and the cleared supernatant was transferred to a centrifuge bottle. Isopropanol 

(0.5 vol, room temperature) was added, mixed by inverting the bottle and centrifuged 
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for 15 min at 12000 rpm at room temperature. The supernatant was discarded and the 

DNA pellet resuspended in 2 ml of dH20- 

2.7.1.4 Preparation of plasmids by alkaline lysis 

Bacterial cells from an overnight culture (1.5 ml) were harvested in a sterile microfuge 

tube and washed once with sterile saline. The pellet was then resuspended in 100 RI of 

alkaline lysis buffer and incubated for 45 min at 60*C. The DNA was extracted using 

phenol: chloroform (1: 1) and the aqueous layer analysed on an agarose gel with 

appropriate standards of undigested plasmids compared with a known plasmid profile. 

A smaller volume was also used to analyse colonies, in which case the colony was 

resuspended in 25 gl of lysis buffer and the above protocol followed as normal. 

2.7.1.5 Colony lysis method to prepare plasmids 

Rapid disruption of bacterial colonies to test the size of plasmids (Sambrook et al., 

1989), based on the method by Barnes (1977), produces sufficient yield of DNA to 

analyse on an agarose gel. Briefly, bacterial colonies grown on LB agar containing the 

appropriate antibiotic until they were approximately I mm. in diameter were picked off 

the agar surface using a sterile toothpick or wire loop, streaked onto a master agar plate 

with the appropriate antibiotic and grown for a few hours, then stored at 40C until 

required to recover the necessary colonies. The remainder of each colony from the 

original plate was resuspended in a microfuge tube containing 50 gl of sterile 10 mM 

EDTA (pH8.0); 50 [tl of freshly made 0.2 N NaOH, 0.5% SDS, 20% sucrose was 

added and the solution vortexed for 30 sec. The mixture was incubated for 5 min at 

700C and then allowed to cool to room temperature. 1.5 gl of 4M KCI was added and 

the mixture vortexed for 30 sec, before incubation for 15 min on ice. The bacterial 

debris was centrifuged at 12000 rpm for 3 min at 40C in a microcentrifuge, and 10 Rl 

of the supernatant was added to 3 gl of gel loading dye and loaded onto a 0.8% agarose 

gel. Uncut plasmid DNA (i. e. supercoiled DNA) was used as a standard. Plasmids 

without inserts have the same profile as control plasmid DNA and plasmids containing 

insets run more slowly than the control. The original colony was used to generate 

greater quantities of plasmid DNA for further analysis. 
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2.7.2 Preparation of transformation- competent cells 

2.7.2.1 Cells for electroPoration 

An overnight 10 ml culture of the strain to be electroporated was grown in 2x YT 

medium with shaking at 37*C. The culture was added to IL of 2x YT broth and grown 

with shaking until A600 : -- 0.5 was reached. The culture was incubated on ice for 30 

min and the cells pelleted by centrifugation at 6000 rpm at 4*C for 20 min. The pellet 

was resuspended in IL of ice-cold sterile IM Hepes buffer, pH7, again pelleted as 

above and resuspended in 500 ml of ice-cold sterile IM Hepes buffer, centrifuged again 

and resuspended in 20 ml of ice-cold sterile IM Hepes buffer containing 10% glycerol. 

After centrifugation at 5000 rpm for 20 min at 4*C the cells were resuspended for a 

final time in 2-3 ml of 10% glycerol in LB; the suspension was dispensed into 

Eppendorf tubes, snap frozen by dropping the tubes into liquid nitrogen and stored at 

-70*C. 

2.7.2.2 Cells for heat shock transformation 

An overnight 10 ml culture of the strain to be transformed was grown in 2x YT broth 

with shaking overnight at 370C. A 500 gI volume of the overnight culture was 

inoculated into 50 ml prewarmed 2x YT broth and cultured with shaking at 37*C until 

A600 = 0.5 was reached. The cells were chilled on ice for 10 min and centrifuged at 

4000 rpm for 15 min at 40C. The supernatant fluid was decanted and the pellet 

resuspended in 25 ml ice-cold sterile 100 mM CaC12. Again, the cell suspension was 

chilled on ice and centrifuged as above, resuspended in 5 ml ice-cold 100 mM CaC12 

and kept on ice until required (incubation on ice up to overnight can increase 

competence of the cells for transformation). For storage, an equal volume of sterile 

glycerol was added to the cell suspension which was dispensed into sterile Eppendorf 

tubes; these were snap frozen by immersion in liquid nitrogen and stored at -70T. 

2.7.2.3 Transformation by electroporation 
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Competent cells were gently thawed on ice. DNA, 1-5 gl at a concentration of 10 

gg/jil) in sterile water, was placed in a prechilled (-200C) 0.2 cm sterile electroporation 

cuvette, supplied by Equibio Ltd., and 20 gl of thawed, competent cell suspension was 

added. After mixing, the suspension was shaken to the bottom of the cuvette and 

immediately placed in a prechilled safety chamber slide. The BIORAD Gene Pulser 

was set at 25 mF and 2.0 kV and the Pulse Controller at 200 ohms. The cuvette was 

pulsed once, giving a time constant of 4-5 msec. Immediately, I ml of SOC medium 

(preheated to 37*C) was added to the cuvette and, after transfer to a Universal bottle, 

the culture was incubated with shaking for I hr at 37*C. Samples of 100 Rl were plated 

directly on to selective medium and the plates incubated overnight at 37*C. 

2.7.2.4 Transformation by heat shock 

Competent cells were thawed gently on ice. DNA, 10 gl at a concentration of 10 gg/gl 

in distilled water, and 100 [tl of thawed competent cells were mixed in an Eppendorf 

tube on ice and incubated on ice for I hr. The solution was mixed again and subjected 

to heat shock at 45*C for 90 sec, before being returned to ice briefly before addition of 

I ml prewarmed LB plus 10 MM MgS04; incubation was continued for I hr with 

shaking at 37*C before samples of 100 gl were plated directly on to selective medium 

and the plates incubated overnight at 37*C. 

2.7.3 Preparation of lambda DNA 

2.7.3.1 Plate lysate method 

A fresh culture of the appropriate E. coli host strain was set up in 5 ml of LB medium 

supplemented with 0.2% maltose and 10 MM MgS04. This was shaken overnight at 

370C. For each 90 mm. diameter plate, approximately Ix 105 pfu of bacteriophage 

were mixed with 100 gI of the fresh overnight culture. Alternatively, an agar plug 

containing phage from a cored plaque was eluted. This was done using a Pasteur 

pipette to pick a single plaque from an agar plate. The agarose plug was gently expelled 

into an Eppendorf containing I ml of SM buffer and incubated for Ih at room 
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temperature. 100 gI of eluted phage was mixed with 100 gl of a fresh E. coli overnight 

culture and incubated for 30 min at 370C. 

2.5 ml of melted (450C) top agarose was added to the infected cells, mixed by shaking 

gently and poured onto an LB plate prewarmed to 370C. When the top agarose 

hardened, the plates were inverted and incubated at 370C for 6h or until the plaques 

became confluent. The plates were allowed to cool for 30 min at 4*C, then overlaid 

with 10 ml of SM buffer and allowed to stand for 2 h. The buffer containing eluted 

phage was centrifuged at 4000 rpm for 10 min at 40C to remove bacterial cells. The 

supernatant was carefully transferred to a fresh tube, and chloroform was added to a 

final concentration of 0.3% (v/v) for storage at 40C for up to 6 months. 

2.7.3.2 Phage miniprep procedure 

RNaseA and DNase I were added to the above phage lysate to a final concentration of I 

gg/ml and the mixture was incubated for 30 min at 370C. 5.8g of NaCl and 9.3g of 

PEG were added per 100 ml of lysate and mixed until completely dissolved. The 

dissolved mixture was incubated on ice overnight. The precipitated phage particles were 

recovered by centrifuging at 10000xg for 20 min at 40C. The supernatant was removed 

and the tube drained by inverting on a paper towel. I ml of SM buffer per 10 ml of 

starting lysate was added and the bacteriophage particles were resuspended by 

vortexing. Centrifugation at 8000 xg for 2 min removed debris and the supernatant 

was transferred to a new tube and 100 gI of 10% SDS (per 100 gl of lysate) and 100 Rl 

of 0.5 M EDTA pH8.0 was added and incubated at 680C for 15 min. I vol of 

phenol: chloroform: isoarnylalcohol (25: 24: 1) was added and the mixture vortexed 

gently. Separation of the two phases was achieved by centrifugation at 12000 xg for 5 

min, and the upper phase was transferred to a new tube and the extraction repeated. 

The upper aqueous layer was transferred to a fresh Eppendorf tube, and an equal 

volume of isopropanol was added, mixed and incubated for Ih at -200C. The 

precipitated DNA was collected by centrifugation at 12000 xg for 15 min at 40C; the 

supernatant was carefully removed and the DNA washed with 70% ethanol. The pellet 
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was air dried and resuspended in 20 gI of dH20 for each 10 ml of starting lysate. The 

lambda DNA was stored at 40C. 

5- 10 gg of recombinant lambda DNA should recovered from 2x 10 11 pfu of starting 

material. 

2.7.3.3 Purification of lambda DNA: modified Wizard method 

A single plaque was cored into 1 n-d of SM buffer and left overnight at 40C, 0.1 ml was 

(approx. 105-106 pfu/ml) used to infect 300 gI of A600 --: 0.6, of bacterial suspension. 

The phage and bacteria were mixed and incubated for 30 min at 370C, 0.7% agarose 

was added to the mixture of phage and bacteria and poured onto prewarmed LB plates. 

When the plates were dry they were inverted and incubated at 370C until confluent lysis 

occurred (approx. 6 h). 10 gl of 0.01% gelatin in SM buffer was added to the plates 

and left overnight at 40C with shaking. The supernatant was collected and the plate 

surface was washed with SM buffer and the volume made up to 10 RI with SM buffer. 

0.1 ml of CHC13 was added to the solution and mixed by inverting. Debris was 

removed by centrifugation at 3000 rpm for 30 min at 40C. The supernatant was 

collected in 15 ml centrifuge tubes and 50 gl of 0.1% bromophenol blue and 5 gi of 

50% suspension of Whatman DE52 equilibrated in SM buffer was added. Mixing was 

continued until the dye bound to the charged material, which took approx. 5-10 min. 

The charged material is comprised of lambda proteins and bacterial debris, etc., and this 

was collected by centrifugation at 3000 rpm for 5 min at room temperature. 0.8g of 

guanidine thiocyanate was added per ml of supernatant, along with I ml of Wizard 

DNA Clean-up Resin and mixed until homogenous, taking 15 min in total. The resin 

was concentrated by centrifugation at 1000 rpm, the supernatant removed down to 5 ml 

and this mixture was resuspended and put through a syringe to collect it on a Wizard 

column; the column was washed with 80% isopropanol, and centrifuged in a microfuge 

for 20 sec to remove the alcohol. The DNA was eluted by adding 100 RI d, 120 at 

800C, the column microfuged for 20 sec and the eluate collected in an Eppendorf tube. 

This step was repeated. 
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2.7.4 Endonuclease restriction of DNA 

Chromosomal, plasmid and phage DNA were digested using endonucleases supplied 

by GIBCO, Life Technologies Ltd. Digestion was carried out in a total volume of 10 Ptl 

and in the presence of 0.1 vol. of lOx reaction buffer and lU of the appropriate 

endonuclease(s). Incubations were generally carried out for Ih and the reaction 

stopped by transfer to -200C or by analysis on a 0.8% agarose gel. 

2.7.5 Purification of nucleic acids 

2.7.5.1 Extraction with phenol: chloroform 

An equal volume of phenol: chloroform solution (1: 1) equilibrated in TE buffer (Sigma) 

was added to the nucleic acid sample in an Eppendorf tube and mixed until the contents 

formed an emulsion. The mixture was centrifuged for I min at 12,000 rpm at room 

temperature so that the organic and aqueous phases, were well separated. The upper 

aqueous phase was rtransferred to a new Eppendorf tube and the phenol: chloroform 

extraction was repeated until no layer of denatured protein was visible at the 

organic/aqueous interface. The DNA was recovered by ethanol precipitation. 

2.7.5.2 Ethanol precipitation of DNA in microfuge tubes 

The method described by Sambrook et al. (1989) was used. To 400g] (or less) of 

solution containing the DNA was added 2 volumes of ice-cold 100% ethanol. After 

mixing by inversion 0.1 vol. of 3M sodium acetate solution was added, and the 

solution again mixed before incubation at -700C for 15 min or -200C for 30 min. The 

solution was centrifuged at 12000 rpm in a microcentrifuge for 15 min at 40C, the 

supernatant was carefully removed and the precipitated DNA was washed carefully 

with 70% ethanol, and centrifuged again for 5 min as above. The ethanol was removed 

and the DNA air dried on the bench until no more liquid was visible; this took up to 30 

min, after which the DNA was dissolved in 10 gl dH20 and stored at either 40C or 

-200C. 

2.7.5.3 DNA agarose gel electrophoresis 

For separation and identification of DNA fragments, 0.8% (w/v) agarose (Promega 

molecular biology grade) gels, made up and run at 5 V/cm in 0.5 x TBE, were used. 
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For isolation of large (>10 kb) or small (<I kb) DNA molecules, 0.5% and 1.0 % 

agarose gels, respectively, were used. Ethidium bromide was included in the gels at a 

final concentration of 5 gg/gl. 

2.7.5.4 Isolation and purification of DNA from agarose gels 

After digestion with the appropriate restriction enzyme(s), desired fragments were 

separated by electrophoresis on an agarose gel. Using minimal UV exposure the 

desired bands were identified and excised in the smallest possible volume of agarose. 

DNA was extracted from the agarose using either a Geneclean II Kit or Sephaglas Kit 

(Pharmacia). 

Geneclean Kit: The weight of the gel slice was determined by placing the gel slice in a 

preweighed microfuge tube and reweighing. From the weight of the slice the volume 

was estimated by assuming a density of Ig ml-1, and 4.5 vol. of NaI and 0.5 vol. of 

TBE Modifier were added. The contents of the tube were heated for 10 min at 550C, 

with periodic mixing before addition of 5 gl of GLASSMILK. The mixture was 

incubated at room temperature for 5 min with shaking every minute before collecting 

the glass pellet by centrifugation for 30 sec in a microfuge. The pellet was washed three 

times in 500 gl of New Wash solution (3: 1 v/v ethanol: H20) and resuspended in 5 gl 

sterile dH20 by very gentle agitation. The eluted DNA was separated from the glass by 

centrifugation in a microfuge, and the elution step was repeated with a further 5 gi of 

sterile MD. The two samples were combined to give a total volume of 10 gi, and the 

concentration of the eluted DNA was determined by analysing a small volume on an 

agarose gel by comparison with known standards (HindIII digest of X DNA). 

2.7.5.5 Sephaglas kit (Pharmacia) 

The weight of the agarose slice was determined as above; if less than 250 mg the 

normal protocol was followed but if greater than 250 mg the volumes were scaled up 

accordingly. To the gel slice 250 gl of Gel Solubilizer was added and the mixture 

vortexed vigorously before incubation at 600C for 10 min or until the agarose had 

dissolved. The Sephaglas BP suspension of "glass milk" was shaken until uniform and 

5 gl was added to the dissolved agarose solution. After gentle vortexing the tube was 
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incubated for 5 min at room temperature with vortexing every minute to resuspend the 

Sephaglas. High speed centrifugation for I min in a microcentrifuge was used to 

sediment the Sephaglas and the supernatant was carefully removed without disturbing 

the pellet. 40 gl of wash buffer was added, and the pellet was resuspended by 

vortexing the tube gently. The centrifugation and washing step was repeated 3 times, 

after which the tube was inverted at room temperature on the benchtop for 10 min to 

dry the DNA. After air-drying 10 [tl of Elution Buffer was added and the pellet 

resuspended by gentle vortexing. After incubation for 5 min at room temperature to 

allow the DNA to elute from the glass, the supernatant containing the DNA was 

recovered after centrifugation for I min in a microfuge. The elution step was repeated to 

give a total elution of 10 gl, and the yield of the DNA was estimated by agarose gel 

electrophoresis as described above. 

2.7.6 Spectrophotometric determination of DNA concentration 

For estimating DNA concentrations the optical density of the solution was measured at 

280nm and 260nm. The concentration of nucleic acid in the sample was calculated from 

the relationship OD260nm --: I for approximately 50 gg/ml DSDNA, 40 gg/ml for SS 

DNA and 20 gg/ml for SS oligonucleotides. The ratio of the readings at 260 nm and 

280 nm provides an estimate of the purity of the nucleic acid. Pure preparations of 

DNA have 260/280 ratios of 1.8, and contamination with phenol leads to a decrease in 

the ratio. 

2.7.7 Ligation of DNA fragments 

2.7.7.1 Ligations incorporating cohesive termini 

Ligations were carried out using 1: 1 and 3: 1 insert: vector molar ratios of DNA in a total 

volume of 10 gl. Dephosphorylated vector DNA was used where necessary. Vector 

and insert DNA were mixed in an Eppendorf tube 

2.7.7.2 Ligation of blunt-ended DNA 

Ligations of blunt-ended DNA was carried out essentially as described above but 

insert: vector molar ratios were in the range 3: 1 to 5: 1. ATP at a concentration of 0.5 
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mM, and 0.5 Weiss units of bacteriophage T4 ligase were incorporated in the ligation 

mixture. 

2.7.8 TOPO TA cloningO (Invitrogen) 

This kit allows quick and efficient cloning of PCR products of 400bp to I kb. After 

performing a PCR reaction and confirming size of product the fragment can then be 

cloned. Typically 0.5 to 2 gl of a PCR sample was used (10 ng/[tl). To the PCR 

product 1 gl of the pCROTOPO vector was added and the volume brought up to 5 gl 

with dH20. The contents were gently mixed and incubated for 10 min at room 

temperature ( approx. 250C). The tube was incubated on ice whilst the One ShotTM 

Transformation was performed. The One ShoJm Transformation reaction vial was 

removed from -700C and allowed to thaw on ice, 2 gl of 0.5 M B-mercaptoethanol was 

added and mixed by stirring (the mixture should not be pipetted). After addition of 2 gl 

TOPO-Cloning reaction the tube was incubated for 15 min on ice. The cells were heat 

shocked for 30 sec at 420C and 250 gl of SOC medium was added, mixed and 

incubated for 30 min at 370C with shaking. 100 gl of each transformation was spread 

onto a prewarmed plate and incubated overnight at 370C. Recombinant colonies appear 

small and cream and are screened to determine the presence of an insert. 

2.7.9 Southern blotting 

After fractionation by gel electrophoresis, the DNA was transferred to nylon 

membranes (Hybond-N+, Amersham) by capillary action under alkaline conditions as 

described by Sambrook et aL (1989). The gel was depurinated in 25 mM HCI for no 

longer than 10 min, before soaking in denaturation solution (IM NaCl, 0.5M NaOll) 

with constant agitation for two 15 min periods, with an intermediate wash with sterile 

dH20. It was then soaked for two 15 min periods in neutralization solution (IM Tris, 

1.5 M NaCl, pH 8), with agitation and rinsing in between with sterile dH20. The gel 

was transferred (DNA side up ) onto a piece of 3MM Whatman filter paper on a glass 

support soaked in 2x SSC transfer buffer. A piece of Hybond N+ nylon membrane, 

about I mm. larger than the gel in each direction, was cut and placed on top of the gel, 

followed by a piece of Whatman 3MM filter paper of the same size. After smoothing 
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out any air bubbles between the membrane and the filter paper, the gel was surrounded 

with Nescofilm, covered with a stack of paper towels and compressed with a -500 g 

weight. Transfer was allowed to occur overnight. The membrane was washed briefly in 

2x SSC, and the DNA fixed on both sides by exposure to UV radiation in a UV 

crosslinker oven The filter was stored at 40C in an acetate bag until screening. 

2.7.10.1 In situ plaque hybridisation 

Hybond nylon membrane was placed onto the agar surface and its position marked for 

future orientation using three small triangles cut out of the membrane and marked on the 

plate. After I min the membrane was removed and placed, plaque side up, in a petri 

dish containing denaturation solution. It was then placed in a petri dish of 

Neutralization solution. The membrane was briefly washed for 30 sec in 2x SSC and 

air dried plaque side up. Fixation was carried out by UV crosslinking for the optimum 

time. 

2.7.10.2 Immunoblotting 

From the genomic library nitrocellulose lifts were made in the same way as for the 

nylon membranes for transfer of DNA, thus allowing transfer of proteins to the 

nitrocellulose. Agar plates containg several hundred plaques from the lambda libraries 

of P. salmonis were incubated at 4*C for Ih before addition of the nitrocellulose 

membranes. After 30 min the membranes were washed three times with TBS for 10 

min at room temperature, then blocked for I hr at 40C with 2% bovine serum albumin 

solution in TBS. Membranes were again washed as above before addition of a 1/60 

dilution of anti-P. salmonis antiserum. After overnight incubation at 40C the 

membrane was washed three times with TTS, for 10 min each time, at room 

temperature. HRP-labelled sheep anti-rabbit IgG (SAPU) was added at a dilution of 

11500 and the membrane incubated with shaking for 90 min at room temperature. After 

three TTS washes as above the filters were developed using 4-chloronaphthol solution. 

Positive reactions were indicated by blue/purple dots occurring at positions equivalent 

to particular plaques. 

Chapter Two Materials and Methods 56 



2.7.10.3 Isolation of plaques 

Individual plaques of interest were cored using a sterile glass Pasteur and ejected into 

an Eppendorf tube containing I ml of SM buffer, plus 2 drops of chloroform and 

stored at 40C. 

2.7.11 Non-radioactive labelling of DNA probes by random priming 

DNA fragments were isolated and purified as previously described. Labelling was 

carried out by incorporation of DIG-labelled deoxyuridine-triphosphate (Boehringer 

Mannheim kit). The fragment, in a volume of 10 gl was denatured by boiling for 10 

min and immediately placed on ice. 2 gl of hexanucleotide mix, 2 gl of I mM dNTP 

labelling mix (including DIG-dUTP) and I gl of 2 U/ml Klenow enzyme were added 

and incubated overnight at 370C. The reaction was stopped by addition of 2 Rl of 0.2 

M EDTA (pH8) and the DNA precipitated for 30 min at -700C with 3 111 of 3M LiCl 

and 60 gl cold ethanol. 

After centrifugation for 15 min in a microfuge at 12000 x g, the pellet was washed with 

70 % ethanol, dried and resuspended at 40C in 10 gl sterile dH20. 

2.7.12 DNA-DNA hybridisation 

DNA-DNA hybridisations were normally carried out either at 550C (low stringency 

conditions), or at 680C (high stringency conditions). Salt conditions are described 

below. 

2.7.12.1 Non-radioactive hybridisations (chemidetection) 

The hybridisation procedure was carried out following the manufacturer's instructions 

(Boehringer Mannheim) for the DIG Detection Kit. All volumes refer to a membrane 

size of 100 cm2 and volumes were ad usted accordingly for other sizes of membrane. 

The membrane, in a hybridisation tube ýat the appropriate temperature, was 

prehybridised with at least 20 ml of hybridisation solution containing 5xSSC, 1% (w/v) 

blocking reagent (0-1 % N-lauroylsarcosine, 0.02% (w/v) SDS made up in distilled 

H20) for approximately 4 h. This was replaced with 2.5 ml of hybridisation solution 

containing denatured (as described above for labelling) DIG-labelled probe and 

hybridised overnight. The membrane was washed with 2xS SC, 0.1 % SDS for two 5 
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min periods and then with two 15 min washes with 0.1% SDS, 0.1 x SSC; both 

washes were carried out at the hybridisation temperature. A final wash was carried out 

at room temperature in washing buffer (0.1 M maleic acid, 0.15 M NaCl pH7.5; 0.3 % 

Tween 20) and incubated for 30 min at room temperature with agitation in blocking 

solution (I% blocking solution in maleic acid buffer). It was then incubated for 30 min 

in anti-DIG-Alkaline-Peroxidase conjugate, prepared in blocking solution, with 

agitation at room temperature. The membrane was washed for two 15 min periods in 

washing buffer, before equilibration in detection buffer (OAM Tris/HCI, OAM NaCl, 

50mM M902, pH 9.5) for 5 min with the membrane sealed between two acetate 

sheets; 5 ml CSPDO (Disodium 3-(4-methoxyspiro 11,2, dioxetane-3,2-(5'-chloro) 

tricyclo[3.3.1.1] decanl-4-yl phenyl phosphate -chemilluminescent substrate) in 

detection buffer was added and the membrane incubated for 5 min at room temperature. 

The excess CSPDO was removed and the membrane within the acetate bag was 

incubated at 370C for 15 min to enhance the chemiluminescence. The membrane was 

exposed to X-ray film for 30 min. The exposure time was subsequently reduced or 

increased to give an optimum signal. 

2.7.12.2 Chemical detection 

The above procedure was followed to the stage of equilibration in detection buffer, after 

which 10 ml of freshly prepared colour substrate solution (45 Rl NBT-solution (vial 4) 

and 35 gl X-phosphate solution (vial 5) added to 10 ml of detection buffer) was added 

in the dark. The solution was not agitated. The colour precipitate began to forrn within a 

few minutes, and when the desired intensity of staining of spots or bands was detected 

the reaction was terminated by washing with dH20- 

The results were recorded by photocopying or photography. 

2.8 DNA sequencing 

Manual sequencing was carried out using a Bio--Rad Sequi-Gen Nucleic Acid 

Sequencing Cell (38 cm wide; 100 cm long) and a Sequenase Version 2.0 kit (United 

States BioChemical) which included universal primers. Automated sequencing was 
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carried out using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction 

Kit (Perkin & Elmer) on the Applied Biosystems 377 Sequencer. Sequence assembly 

and analysis were performed using the programs of the GCG Software package, 

Wisconsin Package Version 9.1, Genetics Computer Group (GCG), Madison, Wis. 

Database searches were performed with the FASTA algorithm (Pearson & Lipman, 

1988) and BLAST (Altschul, 1990; Altschul et al., 1997). 

2.8.1 Denaturation of double stranded DNA 

Double stranded plasmid DNA (5 gg) was denatured in 300 gl of 0.2M NaOH, 0.2 

mM EDTA for 30 min at 370C. The mixture was neutralised by adding 0.1 vol. of 3M 

CH3COONa (pH5.5) and the DNA was precipitated with 2 vol. of 100% ethanol at 

-700C for 30 min. After centrifugation for 15 min in a microfuge at 12000 x g, the 

pellet was washed in 70% ethanol, dried and resuspended in 7 gl of sterile dH20. 

2.8.2 Sequencing reactions 

After addition of 2 gl of Sequenase reaction buffer and I Rl of primer (0.5 pmol) to the 

template DNA (approximately I gg), the volume was brought up to 10 gl with sterile 

dH20. Annealing was carried out at 650C for 2 min and the mixture cooled to <350C 

over 15-30 min. The solution was placed on ice and the following were added: 1 [LI 

O. IM DTT, 2 gl of Ix labelling mix (containing 7.5 mM dGTP, dCTP, and dTTP), 

0.5 gl Redivue[(X-35S) dATP, and 2 gl of Sequenase Version 2.0 diluted 1: 8 in ice 

cold Enzyme Dilution Buffer. The solutions were mixed and incubated for 2 min at 

room temperature. After labelling, 3.5 gl of the mix was transferred into four 

prewarmed Eppendorf tubes (370C) containing 2.5 gl of either ddGTP, ddTTP, or 

ddCTP termination mixes. (Termination mixes also contained 80 mM dGTP, dATP, 

dCTP, dTTP and 50 mM NaCl). After mixing, the tubes were incubated for 5 min at 

370C. Reactions were stopped by addition of 4 gl of Stop Solution, the contents were 

mixed and stored at -200C until required for loading on to the gel. Samples were 

denatured for 2 min at 750C immediately before loading onto the sequencing gel. All 

incubations were carried out in either a water bath or a thermal cycler (Techne). 
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2.8.3 Polyacrylamide gel electrophoresis-Sequencing 

Glass plates, combs and spacers were thoroughly washed in warm detergent solution, 

followed by distilled H20 and a final rinse with ethanol. One surface was treated with 

Gel-Slick (silicone solution) and the plates were assembled according to the 

manufacturer's instructions. The gels were cast at a final concentration of 6% 

Acrylamide/bisacrylamide gel (ratio 19: 1,7 M Urea, Ix TBE) EASI-GEL supplied by 

Scotlab, TEMED (N, N, N, N- tetra-methylenediamine) and ammonium persulphate 

(APS) in the following amounts; 

Easi gel 70 ml 

TEMED 70 gl 

APS 140 jil (0.125 g/500 [d water prepared directly before use). 

The gel was poured between two sealed 42 x 33 cm plates, and the flat side of a shark's 

tooth comb was inserted -0.5 cm into the gel solution. Combs were clamped into 

position using bulldog clips until the gel polymerised (-2 h). The combs were removed 

and reinserted into the gel, teeth down. The gel was mounted in a Model S2 

Sequencing apparatus from Life Technologies with power supplied by a GIBCO BRL 

electrophoesis power supply. After a pre-run for 30 min at 70-80W, 3 Rl of each 

sequencing reaction was loaded onto the gel and it was run at 550C in 1x TBE. 

Running conditions were set at 300 mA/ 80W or 280 mA/ 70W for 2.5 - 3h. At the end 

of the run, the mould plates were separated and the gel transferred onto a piece of 3MM 

Whatman paper by placing it on top of the gel and applying gentle pressure so that the 

gel became attached to the paper. The 3MM paper was then peeled away from the glass 

support with the gel attached. The gel was covered with Saran Wrap and was dried 

under vacuum for at least Ih at 800C. The Saran Wrap was removed and the gel was 

exposed to X-ray film for 16-24 h at room temperature. Exposure time was increased 

as necessary to give an optimum signal. 

2.8.4 Automated sequencing 

DS-DNA from plasmids was prepared for automated sequencing by centrifugation 

through a Sephacryl S-200 minicolumn to remove dNTPs, primers, etc. Not all 
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plasmids were prepared in this way, as those purified with the Wizard Plus SV system 

did not require further purification. PCR products were also treated with Sephacryl S- 

200 columns as above or used directly. The amount of DS-DNA used was 250-500 ng 

per reaction, and PCR products were used at 30 -90 ng per reaction. Thin-walled PCR 

0.5 ml microfuge tubes were used in the PCR thermal cycler for the first step, in which 

8.0 gl of Terminator Ready Reaction Mix (Applied Biosystems) was added to template 

DNA, primers were used at a constant amount of 3.2 pmol, and dH20 was used to 

bring the reaction volume to 20 gl. The cycle sequencing protocol was : 960C for 30 

sec, 500C for 15 sec and 600C for 4 min repeated for 25 cycles using a Perkin and 

Elmer Cycle Sequencer. Excess terminators were removed by ethanol precipitation, by 

adding 2 [tl of 2M sodium acetate, pH 4.6, and 50 gl of 100% ethanol (Analar grade); 

the mixtures were incubated on ice at room temperature for 10 min, centrifuged at 

12000 rpm in a microcentrifuge for 15 min at 40C and the ethanol carefully removed 

and replaced with 250 gI of 70% ethanol. This was carefully removed and the tubes 

drained of remaining ethanol and allowed to air dry on the bench. Tubes were then 

returned to the Molecular Biology Support Unit where they are stored at -200C before 

analysis by Applied Biosystems 377 Sequencer. 

2.9 PCR 

2.9.1 Standard PCR reactions 

Template DNA was used at various concentrations, the other constituents remained 

constant at the following concentrations, unless otherwise stated; 200 [tM of each 

dNTP mix, 300 [tM of each primer, Ix Taq polymerase buffer, 1.5 mM M902 and 

1.25 units of Taq Polymerase in 50 gI volume. The enzyme, buffer and MgCl2 were all 

supplied by Gibco, Life Technologies. A summary of the primers used in this study are 

shown in Table 7. The Thermal Cycler used was the Omm-E Thermal Cycler (Hybaid 

Ltd. ), unless otherwise stated, with the following programme: - 
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IX 940C 5 min 

940C I min 

30X 570C I min 

720C I min 

IX 720C 5 min 

The PCR products were visualised by agarose gel electrophoresis as described earlier. 

2.9.2 Optimisation of conditions for PCR 

A kit produced by Invitrogen was used to determine the optimal conditions for 

amplification of particular templates with specific primers by use of a range of buffers 

with varying concentrations of salt and at different pH. All buffers were supplied as 5X 

concentrates in 300 mM Tris. HCI, 75 mM ammonium sulphate. DMSO was also 

supplied with the kit. 

The 16 5X buffers with varying pH and salt concentrations were :- 

BUFFER A 7.5 MM MgC12, pH 8.5 

BUFFER C 12.5 MM M902, pH 8.5 

BUFFER E 7.5 MM M9CI2, pH 9.0 

BUFFER G 12.5 MM M9CI2, pH 9.0 

BUFFER 1 7.5 MM M902, pH 9.5 

BUFFER K 12.5 MM M902, pH 9.5 

BUFFER M 7.5 MM M902, pH 10 

BUFFER 0 12.5 MM M902, pH 10 

BUFFER B 10 MM M902, pH 8.5 

BUFFER D 17.5 MM M9CI2, pH 8.5 

BUFFER F 10 MM M902, pH 9.0 

BUFFER H 17.5 MM M902, pH 9.0 

BUFFER J 10 MM M902, pH 9.5 

BUFFER L 17.5 MM M902, pH 9.5 

BUFFER N 10 MM M9CI2, pH 10 

BUFFER P 17.5 MM M902, pH 10 

PCR reactions were set up using these buffers to determine optimum salt and pH 

conditions. Two control templates (800 bp and 2 kb) were supplied with control 

primers to produce a PCR product with any of the 16 buffers. 

The suggested protocol was to mix all ingredients (except for dNTPs) in a tube, add the 

tube to the thermal cycler at 800C and then to add dNTPs. The cycling parameters 

specified for the controls were: 
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Table 7 Primers used in this study 
Name Sequence Source 
SP6 SCAA GCT ATT TAG GTG ACA CTA TAG 3' GEBCO 
U STAA TAC GAC TCA CTA TAG GGA GA 3' GLA UNI 
SP6 SCAT ACG ATT TAG GTG ACA CTA TAG 3' GLA UNI 
16S EUBACTERLAL 
1525r YAAG GAG GTG ATC CAA CC 3' GLA UNI 
926f SAAA CTC(T) AAA T(G)GA ATT GAC GGY GLA UNI 
519r 5'GT(A)A TTA CCG CGG CG(T)G CTG 3' GLA UNI 
907r SCCG TCA ATT CC(A)T TTA(G) AGT TT 3' GLA UNI 
1 100r YGGG TTG CGC TCG TTG 3' GLA UNI 
11 14f YGCA ACG AGC GCA ACC 3' GLA UNI 
530f 5'GTG CCA GCC(A) GCC GCG G 3' GLA UNI 
27f SAGA GTT TGA TCC(A) TGG CTC AG GLA UNI 
926f YAAA CTC AAA TGA ATT GAC GG OSVVTL 
1525r SAAG GAG GTG TTC CAG CC 3' OSWEL 

pExCell primer reverse 2343-2325 

P2325 (YI 144) SATC GCC ATT CGC CAT TCA C 3' OSVV"EL 

pExCell primer forward 1841-1860 
P 1841 (Y 1143) SCAA TAC GCA AAC CGC CTC TC 3' OSWEL 
M13U (4172) S GTA AAA CGA CGG CCA GT 3' GLA UNI 
M 13 -20 primer forward 
MIPRI S TAA GGA TCC CGT CGC AAG CAC TGA 3' OSWEL 
(P6107) 
MIPFI S GTA TGA GCT CTT AAG TGT AAG ACT A 3' OSWEL 
(P6106) 
T3 S AAT TAA CCC TCA CTA AAG GG 3' OSWEL 
(Z1722) 
T7 S GTA ATA CGA CTC ACT ATA GGC 3' OSWEL 
(Z1723) 

Primers suppied by Glasgow University, Molecular Biology Support Unit, Anderson 

College, University of Glasgow, Glasgow, G12 8QQ, and Oswel Reasearch Products 

Ltd., Medical & Biological Sciences Building, University of Southhampton, 

Bolderwood, Bassett Crescent East, Southampton, S016 70X. 
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940C 2 min I cycle 

940C I min) 

550C 2 min) 25-35 cycles 

720C 3 min) 

720C 7 min I cycle. 

10 [il of product was analysed on a 0.8% agarose gel and the remainder of the PCR 

product was stored at -200C. 

2.9.3 PCR detection of Legionella pneumophila MIP gene 

Legionella pneumophila DNA was extracted following the method by Stambach et al., 

1989. Legionaela pneumophila was supplied on a Charcoal Agar plate by Dr. Mourad 

Djebara, Division of Infection and Immunity. Bacteria were scraped off the plate and 

resuspended in 100 jil of digestion buffer (100 mM Tris. HCI, I MM EDTA pH 8.5, 

2% Laureth 10,400 gg of proteinase K per ml). The mixture was vortexed briefly and 

heated to 550C for 3 hr , then incubated for 10 min at 950C and centrifuged briefly in a 

bench centrifuge. The tube was placed on ice, centrifuged for 2 min in a 

microcentrifuge, and 10 gl aliquots used in a PCR reaction with a "PCR master mix" 

consisting of 10 mM Tris pH8.3,1.5 mM M902,50 mM KCI, 200 mM each dNTP, 

1.25U of Taq polymerase and 0.2 mM of each primer (MIP forward and MIP reverse); 

40 gl of master mix was added to each tube and 10 ttl of template DNA was also 

added. The cycle parameters were: I cycle at 940C for 2 min; 30 cycles at 940C for I 

min, followed by 570C for 1 min and 720C for I min; 1 cycle at 720C for 5 min. 

10 Itl of each reaction was analysed on a 0.8% agarose gel and the remainder of the 

PCR product was stored at -200C. 
2.9.4 Analysis of X recombinant clones using PCR 

As well as screening recombinant clones using conventional methods of plasmid 

purification, PCR was used to analyse positive transformants directly. A PCR cocktail 

was prepared containing PCR buffer, dNTPs, primers and Taq polymerase in a 20 Rl 

reaction volume. Individual colonies were picked and resuspended in the PCR cocktail; 

the reaction was incubated for 10 min at 940C to inactivate nucleases, and the reaction 
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continued for 30 cycles of : 940C, I min, 550C, I min, and 720C, I min. A final 

extension at 720C for 10 min completed the reaction. The products were analysed on an 

agarose gel. 

2.10 Microscopy 

2.10.1 Giemsa staining of infected cells 

Cells grown on glass coverslips were fixed and stained with Gram's stain and Giemsa 

stain. Stock Giemsa stain was diluted 1/10 with PBS, and centrifuged to remove 

debris. Coverslips with infected cells were fixed using 1 ml of methanol and left to air 

dry. Giemsa stain was then applied to cover the slide and incubated for 15 min at room 

temperature. The stained cells were washed in PBS and left to air dry before examining 

under oil immersion. 

2.10.2 Fluorescence microscopy of bacteria 

An overnight culture of Ecoli was harvested and diluted to give 2x 104 -2x 105 

cells per ml, for use as controls for P. salmonis to distinguish between bacteria and 

tissue culture debris. The cell suspension was mixed with an equal volume of DAPI 

solution, (I mg in 100 ml) and filtered through 0.2 gm Nucleopore filters, 25 min 

diameter. These were prepared by soaking in a solution of Irgalan Black (0.2% in 2% 

acetic acid) for 24 hr then rinsing twice with sterile dH20. I ml of each cell 

suspension, E. coli and P. salmonis (infected tissue culture material), was filtered 

through the Nucleopore filters and placed on a glass slide. The bacteria were examined 

under the 100x oil immersion objective in a Leitz Orthoplan fluorescence microscope 

with Ploem illumination. Bacteria fluoresced blue/green and the nucleopore filters 

appeared evenly stained. The E. coli were visible in clumps and P. salmonis was 

visible attached to cell debris. 

2.10.3 Electron microscopy 

Infected supernatants were removed from lysed monolayers which exhibited cytopathic 

effects across the complete monolayer and culture supernatant was used for electron 

microscopy. Approximately 10 ml of culture fluid was centrifuged at 4000 xg and the 
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pellet resuspended in 1 ml cacodylate buffer containing glutaraldehyde. The sample was 

processed by the Electron Microscopy Unit, IBLS, University of Glasgow. 

2.11 General protein methods 

2.11.1 Bradford protein assay 

The protein standard used was 500 gg/ml BSA. The Bradford reagent was prepared as 

follows; 100 mg Coomassie Brilliant Blue G250 was dissolved in 50 ml 95% ethanol, 

100 ml 85% (w/v) phosphoric acid was added and the solution diluted to IL with 

distilled water. Standards containing 0-50 gg BSA/100 gI were used. To 100 gl of 

standard or test sample 5 ml Bradford reagent was added and throughly mixed and the 

absorbance at A595 nm measured within 2 min and I hr. A graph was plotted using the 

data obtained from the standards and protein concentration of the samples extrapolated 

from the graph. 

2.11.2 SDS-PAGE electrophoresis 

SDS-PAGE was carried out as described by Sambrook et A, (1989) using a vertical 

gel electrophoresis system with 14 cm x 14 cm gels. Before use glass plates, spacers 

and combs were washed in warm detergent, Decon, rinsed in distilled water then 

ethanol, and after assembly were sealed using electrical tape. Gels were cast at a final 

concentration of 12% acrylarnide and all reagents used were of electrophoresis grade. 

The resolving gel consisted of 16.6. ml distilled water , 13.4 ml acrylamide solution 

(30% (w/v) acrylamide and 0.8% (w/v) bisacrylamide stock solution supplied by 

Flowgen), and 10 ml lower gel buffer. The mixture was degassed under vacuum before 

the addition of 200 gI freshly prepared 10% APS (Ammonium Persulphate) and 20 RI 

TEMED. After the solution was poured it was overlaid with butanol. When 

polymerisation had occurred (approx. 45 min at room temperature), the overlay was 

poured off and the top of the gel was washed several times with distilled water. The 

fluid was drained off and any remaining water was removed using the edge of a paper 

towel. The stacking gel was prepared using 6.0 ml of distilled water, 1.5 ml of 

acrylamide, 2.5 ml of lower gel buffer, degassed as above and 30 gl 10% APS and 
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20[tl TEMED added. This was poured directly onto the polymerised resolving gel and a 

comb was inserted immediately. The gel was allowed to polymerise for approx. 30 min 

at room temperature and the comb was removed. The wells were washed immediately 

with distilled water and the gel mounted in the electrophoresis unit. Gels were run in 

SDS-PAGE Running Buffer using a current of 30 mA per gel. Samples were prepared 

at the'appropriate protein concentration and added in equal volumes to solubilising 

buffer and boiled for 10 min in a boiling bath; the samples were cooled to room 

temperature before loading onto gel with a Hamilton syringe, typically 30 111 was 

loaded. At the end of the run, the plates were separated and stained with Coomassie or 

transferred to nylon for Western Blotting. 

2.11.3 Coomassie Blue Staining 

The gel was simultaneously fixed and stained in Coomassie Blue fixing solution (0.25 

g of Coomassie Blue in 90 ml methanoWistilled water (1: 1 v/v) and 10 n-d glacial acetic 

acid) for at least 4 hr at room temperature with gentle agitation. The gel was destained 

with 3-4 changes of 30% methanol and 10% acetic acid solution for 4-8 h with gentle 

agitiation. It was then sealed between acetate sheets and photographed. 

2.11.4 Western blotting 

The SDS-PAGE gel was transferred to nylon (Sambrook et al., 1989) and sandwiched 

between 3MM paper and Scotchbrite pads soaked in Transfer buffer (2.5 g Tris, 12.0 g 

of glycine, 166 ml of methanol and 834 ml of distilled water). The sandwich was 

placed in the apparatus with the membrane facing towards the positive electrode. A 

Biorad electrophoresis cell was used with water cooling while transfer occurred at 0.2 

Amps for 4 h. The membranes were incubated in 20 ml 2% BSA in Tris/Tween/S aline 

solutiuon (TTS, for 100 ml, 2 ml IM Tris pH 7.2,1 ml Tween-20 and 97 ml of sterile 

saline), for Ih at room temperature with gentle agitation. The membrane was washed 

three times for 5 min in TTS, then 20 ml of 1150 anti-P. salmonis antiserum was added 

and incubated for 90 min at room temperature with gentle agitation. After three 5 min 

washes in TTS 11500 HRP labelled anti-sheep immunoglobulin in TTS was added and 
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incubated for 90 min at room temperature with gentle agitaiton. After three 5 min 

washes in TBS and a final 5 min wash in 10 mM Tris pH 7.2, the substrate (60 mg of 

HRP colour development solution, 4-chloro-naphthol dissolved in 20 ml of methanol, 

and added just before use to 100 ml TBS with 20 gl of Hydrogen peroxide). The 

reaction was incubated until bands were visible and the reaction stopped after approx. 

15 min by rinsing in sterile distilled water. The membrane was sealed in an acetate bag 

and recorded. 

2.12 IFAT Indirect Fluorescent Antibody Test 

The method was modified from that of Lannan et aL, (199 1). Smears were prepared 

using 5 gl of tissue culture material infected with LF89 or Ardintoul agents when 100% 

CPE was visible. Smears were air dried and methanol fixed. Anti-Ardintoul antiserum 

(1/20 in PBS) was added to fixed slides for 10 minutes at room temperature and control 

smears used preimmune serum (1/20 in PBS). Slides were washed 5 times with I ml 

PBS and FITC anti-sheep IgG (1/200 in PBS) was added. after incubation for 10 

minute at room temperature in the dark, slides were washed 5 times in PBS, coverslips 

added, before examination with a Leitz Orthox Microscope with appropriate filters for 

FITC. Selected images were saved to disk. 

2.13 ELISA 

Using a 96-well ELISA plate the titres of the anti-P. salmonis antisera were 

determined. Each antigen preparation was diluted in ELISA Coating Buffer, and 4 rows 

of 8 wells were coated overnight with 100 gl of the appropriate antigen solution. After 

removing the solution each well was blocked using 100 gl 10% skimmed milk prepared 

in coating buffer for 2 hr at 40C. The first antibody solutions were added in doubling 

dilutions from 1/2000 to 1/128000 prepared in saline and added to seven wells ( 90gl) 

with row eight as buffer control. After incubation for 2 hr at 370C and washing six 

times the second antibody SAPU HRP-anti (sheep IgG) was added at a dilution of 

1/1000 to all wells. After appropriate washes the OPD (0-Phenylenediamine 

dihydrochloride) substrate was added and the reaction developed for 30 min in the 

dark. OPD was prepared by dissolving Peroxidase Substrate Sigma Fast tablets in 20 
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ml of distilled water. 30 gl 12.5% H2SO4 was added to terminate the reaction and 

A492 was then read in an ELISA plate reader. 

2.14 OUCHTERLONY 

Agarose was dissolved (10 mg/ml) in PBS by heating in a microwave oven. Molten 

agarose, 5 ml was removed and allowed to set on a glass slide on a level surface. Holes 

(6 in a circle and one in the centre) were punched in the agarose, once set, using a 

Pasteur pipette. Sera (10 gl) anti-IgM antiserum, A80 IgM was added to the two holes 

at the top and purified salmon IgM (10 gl ) added to the bottom two holes. Incubated 

overnight at room temperature in a humidified box. The gel was washed with gentle 

agitation in dH20, six changes over 24 hours and dried at room temperature. The gel 

was stained in Coomassie Blue for 5 min. Destaining followed, by agitating in 5% 

methanol, 7% acetic acid until bands of precipitation were apparent. 
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Chapter 3: Investigations on Chilean isolates of 
Piscirickettsia salmonis 
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3.1 Growth of P. salmonis LF-89 in tissue cultures 

3.1.1 Introduction 

Piscirickettsia salmonis, being an intracellular pathogen, must be cultured within living 

cells. Chinook Salmon Embryo cells (CHSE) and Rainbow Trout Gonad cells ( RTG- 

2) (Lannan et al., 199 1; Plumb & Wolf, 197 1) were used as host cells in this study. 

When obtained, both stocks had been maintained routinely in the presence of 

antibiotics. Due to the antibiotic sensitivity of P. salmonis, the cells were subsequently 

grown without antibiotics, and tested for sensitivity to P. salmonis at each passage. 

Three passages were sufficient to remove residual antibiotics as rickettsiae, supplied by 

Marine Harvest Chile, did not survive until after the third antibiotic-free passage. After 

removal of antibiotics, the rickettsiae were added to 70% confluent cell lines and 

incubated at 170C for up to 14 days, with daily monitoring by light microscopy to 

detect bacterial replication within the cells. Daily photographs recorded the cell changes 

and representative pictures are shown in Figures 3 to 5. 

Multiplication of the bacteria within vacuoles in the cell cytoplasm resulted in various 

morphological changes. Firstly the cells appeared to round up, vacuoles were apparent 

in the cytoplasm after 3-5 days, and the bacteria were visible within these vacuoles. 

Although, the bacteria were not motile, Brownian motion of rickettsiae within the 

vacuoles was clearly visible. The cells became darker in colour as the vacuoles within 

the cytoplasm expanded in size, eventually pushing the nucleus to one side. The 

number of vacuoles within a cell was variable. Eventually the vacuole caused the cell to 

rupture, releasing rickettsiae into the surrounding medium to initiate a further cycle of 

infection. Once the majority of the cell monolayer lysed, at approximately seven days in 

this instance but usually at about 14 days with lower multiplicities of infection, the 

medium containing rickettsiae was harvested for further experiments. This was repeated 

until 2L of infected culture material had accumulated. Due to the small size of the 

bacterium, and the small size of the genome, a large number of bacteria were required 

for genetic manipulations. 
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Figure 3 CHSE cells infected with P. salmonis LF89 
CHSE-214 cells exhibiting cpe. Note clustei-s of i-ounded cells, the vacoules and 
monolayei- degenei-ating. Day 5 postinfection with P. salmonis LF89. Phase conti-ast, 
x40 magnification. 
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Figure 4 CHSE cells infected with P. salmonis LF89 
CHSE-214 cells exhibitimg, cpe. Day 7 postinfectioii. Note iiumei-ous vacuoles aii(I iieai- 
desti, uction of the moiiolayei-. Phase cmiti-ast, x 100 magnification. 
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Figure 5 RTG-2 cells infected with P. salmonis LF89 
CHSE-214 cells exhibiting cpe. Note clusters of rounded cells, the vacoules and 
monolayer degenerating. Day 5 postinfection with P. salmonis LF89. Phase contrast, 
x40 magnification. 
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3.1.2 Sterility testing 

To maintain a constant supply of both cell lines, sterility checks were incorporated into 

the tissue culture routine. Growth media and the individual supplements were plated 

onto a range of growth media, both solid and liquid, and incubated at a range of 

temperatures. Contamination was detected by inspecting the media daily over the period 

of one week, for bacterial growth. The range of agars employed included Luria agar, 

Tryptone Soya Agar, Minimal Medium Agar and Marine agar; these were incubated at 

15,20 and 370C. Broths used included, Luria Broth, Marine Broth, and Tryptone 

Soya Broth. Any contamination resulted in the batch of medium or supplement being 

discarded. 

3.1.3 Optimal temperature for growth of tissue cultures 

To determine the optimal growth temperature for the cell lines, 25 cm2 sterile tissue 

culture flasks were set up with equal concentrations of cells and incubated at 15,17 and 

200C. Growth was monitored by light microscopy on a daily basis and 170C was 

chosen as the optimum temperature, as found by Garces et aL, (199 1). The above 

experiment was repeated with rickettsia-infected cells, and the same temperature was 

found to be optimum for productive infection. 

3.1.4 Detection of rickettsia by staining 

Rickettsia were visualised within their infected host cells by staining with Acridine 

orange or Giemsa stain. This was achieved by growing CHSE cells on 12 mm. 

diameter coverslips in a six well tissue culture plate with five coverslips per well. The 

plates were set up in duplicate for both infected and uninfected cells and monitored 

daily for signs of infection. For this two coverslips were removed from each plate, 

fixed with methanol and stained with either Acridine Orange or Giemsa. Infected and 

uninfected were compared for up to 15 days. As shown in Figure 6, rickettsia can be 

seen clearly within cytoplasmic vacuoles of infected CHSE cells. 
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Figure 6 Giernsa stained A salmonis infected CHSE cells 
P. salmonis LF89 visible within cytoplasmic vacuoles of Giemsa stained CHSE-214 
cells. Note the number of vacuoles varying from cell to cell and the vacuole pushing the 
nucleus to one side. 



3.1.5 Separation of bacteria from tissue culture material 

The method chosen for purification of rickettsiae from cell debris was differential 

centrifugation followed by density gradient centrifugation. The initial low speed 

centrifugation step (640 xg for 10 min) removed the larger cell debris, leaving behind 

the bacteria and finer tissue culture material which were separated on the Percoll 

gradient. To confirm that cellular and bacterial material were successfully separated, the 

two bands generated from the Percoll gradient were analysed by staining with Giemsa 

and light microscopy. This clearly showed that the upper band contained cellular debris 

and the lower band contained bacteria along with a small amount of cellular debris. The 

bacteria from the lower band were collected by centrifugation at 10000 xg for 15 min at 

4'C, to remove the Percoll and residual cell debris. 

3.2 Construction of a genomic library from P. salmonis DNA in 

ExCell 

3.2.1 Genomic DNA extraction and quantification of P. salmonis DNA 

Genomic DNA was extracted from P. salmonis and the yield of DNA determined by 

agarose gel electrophoresis by comparison with lambda HindIII standards of known 

concentration. All of the extracted DNA was analysed, and this was estimated to be 

approximately 20 ng in total (Figure 7). The P. salmonis DNA was excised from the 

agarose gel and recovered using Sephaglas before concentrating by ethanol 

precipitation. 

3.2.2 Partial digest of P. salmonis DNA 

The purified DNA (10 ng) was partially digested with EcoRI to produce compatible 

ends for ligation into the lambda ExCell vector. To determine appropriate conditions for 

partial digestion, control reactions were set up using Aeromonas salmonicida DNA and 

Pasteurella haemolytica DNA; these experiments showed that digestion with 5 units of 

EcoRI for 30 min at 370C produced a high proportion of fragments in the size range 0 

to 6 kb, the size range recommended for the cloning vector (results not shown). 
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12 kb 
5.0 kb 
3.0 kb 
2.0 kb 

Figure 7 P. salmonis genornic DNA extraction 

P. saltnonis was separated frorn tissue culture material as described elsewhere. The 

Percoll gradient resulted in two phases, an upper and a lower band from which DNA 

was extracted and anlysed above oil 0.7% agarose, the DNA appears very faintly In the 

above scanned image, it was more apparent on the transilluminator, resolution was lost 

in the scanning procedure. tRNA was used as a carrier, visible at bottorn of gel. 

Lane I KB ladder 

Lane 2 Upper band 

Lane 3 Upper hand 

Lane 4 ýHhOIII standard 

Lane 5 Lower -P. sahnonis DNA 

Lane 6 Lower -P. sahnonis DNA 

Lane 7 KB ladder 
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The partially digested P. salmonis DNA was extracted with phenol: chloroform and 

ethanol precipitated to remove buffer and enzyme, which could interfere with ligation 

reactions. 

3.2.3 Ligation of insert DNA to vector 

Ligation was carried out with 10 ng of insert DNA and 2 gg of Lambda ExCell vector 

at 16 OC for 4.5 h and the ligated product was packaged to form infective lambda 

recombinants. A control packaging reaction was also carried out using an extract of 

E. coli strain LE392 with control lambda DNA supplied by the manufacturer. Part of 

the packaging mixture was immediately titred and the remaining material stored at 4'C. 

As shown in Table 8, the yield of the test lambda with Ecoli LE392 was 1.6 x 109 

recombinants per gg DNA, comparable to that expected from the manufacturer's 

specifications. Similarly, the number of background plaques, 2.1 x 104 pfu/gg p. 

salmonis DNA, was within the expected range for 4 kb insert fragments of 

approximately 4kb mean size. The transfection efficiency was 3.3 x 107 recombinants 

per mg P. salmonis DNA, and this was comparable with other published results from 

recombinant libraries from rickettsia (see Discussion). Refer to Figures 8 and 9 for 

representation of library as lambda plaques. 

3.3 Preparation of DNA probes for screening P. salmonis recombinant 

library 

3.3.1 P. salmonis 16S rRNA gene 

To probe the P. salmonis recombinant library to confirm its rickettsial origin the 16S 

rRNA gene of P. salmonis was chosen as a target as this could be amplified from 

genomic DNA using PCR and is normally present in several copies in bacterial 

genomes. DNA was extracted by the method of Saris et aL, (1990) from three infected 

cultures supplied from Chile, labelled A, B and C. The conditions for ligation were 

refined by using different concentrations of insert and vector, and transforming 

different amounts of the ligation by heat shock and electroporation into fresh competent 

cells. From transformants obtained using the 27f and 1525r primers in the 

PCR, 60 plasmids were analysed, one of which, pAG16SI, contained an insert of 1.5, 
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Table 8 Asalmonis recombinant library in %ExCell 
NM522 

DILUTION NO. OF COLONIES 
NEAT BLUE; TMTC 
10-1 BLUE; AVE. 113.5 
10-2 BLUE; AVE. 34 
10-3 BLUE; CONFLUENT 
10-4 BLUE; CONFLUENT 
10-5 BLUE; CONFLUENT 
10-6 BLUE; CONFLUENT 

WHITE; TMTC 
WHITE; AVE. 122.5 
WHITE; AVE. 51.5 
WHITE; CONFLUENT 
WHITE; CONFLUENT 
WHITE; CONFLUENT 
WHITE; CONFLUENT 

TRANSFECTION EFFICIENCY (WHITE) 
10-1 Ave. 7.78 x 104 
10-2 Ave. 1.79 x 105 

BACKGROUND (BLUE) 
10- 1 Ave. 5.95 x 104 
10-2 Ave. 1.18 x 105 
Suggested transfection efficiency (white) = 3.3 x 107 recombinants/ug 
Background (blue) =2.1 x 104 pfu/ug 
Packaging efficiency of LE392=1.575 x 109 recombinants/ug 
(10-6 dilution with 300 colonies) 
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Figure 8 1. salmonis LI'89//,. I,. xCell Librarý 

An example of the recombinant P. salmonis LF89/ExCell ý. plaques which constitute 

the recombinant library, neat dilution. Note the clear (white recombinant plaques) and 

As above at the 10- 1 dilution. 
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the correct product size for the 16S rRNA gene of P. salmonis. Digestion of pAGl6S1 

with EcoRI resulted in the pattern expected for pUCIS containing an insert 

corresponding to the 16S rRNA gene, Figure 10 (for double digestion the expected 

result of 2.7 kb and 1.5 kb was observed). EcoRI digestion gave 2 bands of 

approximately 3 kb and I kb indicating the orientation of the insert. A Qiagen Maxi 

plasmid preparation was made from a 50 ml culture to provide substantial quantities of 

plasmid DNA for sequencing and for probe preparation (see later). The 16S rRNA gene 

from the Ardentoul strain of P. salmonis was prepared similarly. 

3.3.2 Preparation by PCR of a probe for Legionella pneumophila 

macrophage infectivity potentiator 

A second probe prepared was that for the Legionella pneumophila macrophage 

infectivity potentiator (mip), a gene which is essential for infection of macrophages and 

other cells (Cianciotto et aL, 1990). Closely related genes have been found in other 

intracellular pathogens, such as Chlamydia trachomatis (Lundemose et aL, 1992) and 

Coxiella burnedi (Mo et aL, 1995)), and the present probe was produced to determine 

if a homologue could be found in P. salmonis. 

DNA extracted from the Knoxville strain of L. pneumophila, was used in varying 

concentrations as template for PCR with the primers designed by Ludwig et al., (1994) 

(see Appendix). AI kb product was detected from the reaction of 10 gl of template and 

both concentrations of primer. The negative controls, in which the DNA or primers 

were replaced with dH20 led to no product being amplified. The PCR products were 

separated from primers on a 0.8% agarose gel, the 1 kb band was recovered and used 

for DIG-labelling and cloning into pUC 18 (Figure 11). 

One plasmid analysed by agarose gel electrophoresis had a size approximately I kb 

greater than pUC 18, and the restriction enzyme digestion pattern was that expected of 

the L pneumophila mip gene (Figure 12). 
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23 kb 
6.0 kb 

2.0 kb 

. salinonis 1.5 kb 16S 

Figure 10 Restriction enzyme digestion of* pAC116SI 

pAG 16S 1, recombinant clone of' 1.5 kb 16S of'P. salmonis in PUC 18 digested with 

KpnI1BamHI and EcoRI. To determine presence of insert and orientation. 
Lane I Win(IIII digest standards Z, 
Lane 2 KpnI / BamHI digest 

Lane 3 KpnI / BamHI digest 

Lane 4 EcoRI digest 

Lane 5 EcoRI digest 
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Figure 11 PCR of Legionella pneumophila mip gene 

PCR amplification of L. pneumophila 11iij) gene, as described elsewhere. A positive 

PCR product is visible in lanes 5 and 9, at I kb, the expectcd size of mip. 

Lanes I&II KB ladder 

Lane 2 Sample 1 (2 pl) negative control, no DNA, 2.5 pl ofcach primer. 

Lane 3 Sample 2 (2 pl) negative control, no bacteria, 2.5 pl ofeach prinier. 

Lane 4 Sample 3 (2 pl) 10 pI of template DNA and 2.5 pl ofeach prinier. 

Lane 5 Sample 3 (2 pl) 10 pl oftemplate DNA and 2.5 pl of cach primer. 

Lane 6 Sample 4, (1 pl) 5 pl oftemplate DNA and 2.5 pl ofeach primer. 

Lane 7 Sample 4, (4 pl) 5 pl oftcrnplate DNA and 2.5 pl ofeach prinicr. 

Lane 8 Sample 5, (4 p 1) 2pI oftemplate and 2.5 pI ofeach pri met'. 

Lane 9 Sample 6, (4 pl) 10 pI ofternplate and 5 pi ofeach prinicr. 

Lane 10 Sample 7, (4 p 1) 2pI Lp 1 200 and 2.5 pI ofeach primer. 
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5.0 kb 
3.0 kb 
2.0 kb 

1.0 kl 

500 In 

Figure 12 Restriction enzyme pattern of pA(; mipl 
Leg lonella pneinnoph i1a mip gene cloned into pUCIS (pAGrmpl). Digested with the Z7) 11 
following enzymes, KpnI, KpnIlEcoRI, PvliI, PiwIlSphI andSIAI 
Lanes I& 11 5pI of I kb ladder standard 
Lane 2 KpnI digest producing bands of approx. 3.5 kb (expected 3.7 kb) 

Lane 3 KpnIlEcoRI double digest producing bands of approx. 3 kb (expected 

3.2 kb + 300 bp + 200 bp). 

Lane 4 EcoRI digest producing bands of approx. 3.3 kb (expected 3.4 kb + 
300 bp). 

Lane 5 KpnIlEcoRI double digest producing bands ofapprox. 3 kb (expect 
3.2 kb + 300 bp + 200 bp). 

Lane 6 PvuI digest producing bands of 2.8 kb + 900 bp (its expected). ZD 
Lane 7 BLANK 

Lane 8 PvuI1SphI double digest producing bands of' 1.8 kb + 900 bp + 800 
bp (expected 1.6 kb + 900 bp + 850 bp + 150 bp). 

Lane 9 SphI digest for I li, producing bands of 2.8kb + 800hp (expected 2.8 
kb +900 bp). 

Lane 10 SphI digest for 3h producing bands of 2.8 kh + 800 hp (its expected). 
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3.4 Screening the P. salmonis %ExCell library 

3.4.1 Screening with a probe for the P. salmonis 16S rRNA gene 

3.4.1.1 Preparation of DIG-labelled 16S rRNA gene probe 

The plasmid pAGl6Sl, containing the 1.5 kb Rsalmonis 16S gene sequence, was 

double digested to release the insert from pUC 18; the 1.5 kb fragment was recovered, 

DIG-labelled (Section 3.3.1), quantified and the optimum conditions for use 

determined in preliminary experiments. 

3.4.1.2 Screening of the library with a DIG-labelled 16S rRNA gene 

probe 

Following plaque assay of the %ExCell library the phage DNA was hybridised to 

Hybond N+, supplied by Amersham, and probed with the DIG-labelled 16S rRNA 

gene probe. The resultant screening identified all plaques as positive, the hybridisation 

conditions were varied resulting in no positives. This work was discontinued with the 

aim of returning to determine the nature of the hybridisation problem. 

3.4.2 Screening with a probe to the L. pneumophila MIP gene 

3.4.2.1 Preparation of DIG-labelled L. pneumophila MIP probe 

DIG-labelled MIP was used to screen the Lambda ExCell Rsalmonis library as 

described before. To determine optimum conditions for screening, different 

concentrations of MIP plasmid, pAGmipl, and Legionella pneumophila DNA were 

spotted onto filters as a preliminary experiment. The optimum concentration of MIP 

was DIG-labelled and used to screen the XExCell Asalmonis library, resulting in either 

all plaques reacting or none at all if the hybridisation parameters were altered. Again 

this work was discontinued, and screening with sera took priority, see below. 

3.4.3 Screening the P. salmonis %ExCell library with antisera 

3.4.3.1 Screening with salmon convalescent antisera (December 1995) 

The aim of these experiments was to detect immunologically proteins produced by 

recombinant phage that reacted specifically with antibodies in the antisera supplied by 

Marine Harvest Chile. Initially the reagents, salmon IgM, rabbit anti-salmon IgM 

antiserum A 80 and HRP-labelled goat anti-rabbit IgG were titrated to determine the 
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optimum concentration of the latter two reagents for use. The reactivity of the antisera 

and antigens was confirmed by Ouchterlony gel diffusion which showed that the anti- 

IgM antiserum, A 80 IgM, produced a single precipitin line with purified salmon IgM 

which gave a reaction of identity with a precipitin line formed with the salmon serum. 

Other fainter bands were formed between anti-IgM and the salmon serum, indicating 

that the antiserum contained antibodies to other serum proteins. 

Filters containing proteins from the Lambda ExCell/P. salmonis clones were screened 

to detect proteins recognised by the salmon immune sera. However, 6 filters screened 

using the standard protocol with 1/25 salmon antiserum and 1/25 anti-IgM A80 gave no 

positive reactions. 

3.4.3.2 Screening the P. salmonis XExCell library with salmon antisera, 

(March 1996) 

Further anti-P. salmonis sera were supplied by Marine Harvest Chile in March 1996 (6 

samples of 250 - 500[d) and these were used at dilutions of neat, 1/100 and 1/1000 

with anti-IgM A 80 used at 1150 and 11500 diultions.. Again, no positive plaques were 

identified with the salmon antisera. 

3.4.3.3 Screening with high titre rabbit antiserum to P. salmonis 

High titre rabbit antiserum was also supplied by Marine Harvest Chile and this was, 

used to probe nitrocellulose membranes processed from amplified samples of the 

original %ExCell P. salmonis library. Material from Bijou 11, which originated from 

plate I of the initial library plaque assay was used to prepare 5 phage assay plates and 

nitrocellulose imprints of these were screened with 1/60 anti-P. salmonis antiserum. 

Nine plaques gave a positive reaction with the antiserum, with 4,1,2,2 and 0 positive 

plaques from plates 1 to 5 respectively. Each plaque was numbered, cored and 

resuspended in SM buffer and stored at 40C. Plaques 1-5 were assayed at a range of 

dilutions, and plates containing well-separated plaques were chosen for 

immunoblotting, yielding a further 37 positive plaques from secondary screening 

(Figure 13) 
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Figure 13 Identification of positives plaques from sera screening. 

Plaques 1-4 identified frorn screening with high titre rabbit antiscrLim to P. salmonis. Z7, 

Identified as S 1-4, aligned with corresponding plate and the plaques cored for fUrther 

analysis. 
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3.4.3.4 Analysis of phage from plaques reacting with anti-P. salmonis 

antiserum 

The initial positive phages, S 1-9, were analysed to determine the size of insert carried. 

Phages were prepared from the plaques and pExCell phagemid release was attempted. 

Although SI was not released, and did not grow in LB+Ap broth, all others were 

released and Wizard minipreps were performed to provide material for digestion with 

BamHI and HindIff restriction enzymes. Even after 3h incubation samples were not 

completely digested, results not shown, and no insert was released. Thus, it appeared 

that the phages from plaques detected by screening with high titre antiserum. did not in 

fact contain inserts. 

A random selection of positive plaques from the screening (S 1-48) was subjected to 

pExCell release and inserts analysed as before. In the first instance release was only 

obtained for 3/15 samples, and further analysis of phage from plaques 10 -34 resulted 

in release of 11/25 phagemids. After digestion with HindIff for 3h gel analysis 

showed smearing of the DNA and no evidence of insert release (Figure 14). 

3.4.4 Determination of mean insert size in the %ExCell P. salmonis 

recombinant library 

The recombinant library appeared to contain a similar number of recombinant phage to 

those reported in published data for other rickettisae, and it was decided to determine 

the mean insert size by analysis of a random selection of white and blue plaque-fon-ning 

phage. 

3.4.4.1 Release of pExCell 

Although the release protocol given by the manufacturer was followed (see Materials 

and Methods), it had proved extremely difficult to obtain phagemid release for a high 

proportion of samples. Whereas lambda ExCell confers chloramphenicol and 

spectinomycin resistance, pExCell confers ampicillin resistance, and an initial problem 

was that only half of the phagemids analysed could confer growth in LB+Ap medium. 

Media and buffers were checked for contamination and found to be sterile. 
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Figure 14 Plaques randomly selected from positive screening IfindIll 

digestion 

A selection of posit ive plaques Identified by sera were analysed to determine tile 

presence of insert with MOW digestion for 3 h. None of the above plaques contained 

inserts as the phageri nd is linearised at approximately 4 kb. 

Lane I KB Ladder 

Lane 2S 12 HindIII digest 

Lane 3S 16 Hin(IIII digest 

Lane 4 S23 HindIII digest 

Lane 5 S24 MOW digest 

Lane 6 S28 HindIII digest 4- 

Lane 7 S29 HindIII digest 

Lane 8 S30 HindIII digest 

Lane 9 S31 HindIII digest 

Lane 10 S32 Hin(IIII di-est 
C- 

Lane II S33 HindIII digest 
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After preparing fresh media and checking for contamination, the release protocol was 

followed precisely, and bijoux 37,39 and 41, containing mixed phage lysates, were 

amplified to generate a selection of plaques. Six recombinant white plaques (nos. 1-6) 

and six non-recombinant blue plaques (nos. 7-12) were selected at random, cored and 

subjected to the release protocol. Of the six recombinant plaques only 2, numbers I and 

5, produced bacterial growth in LB+Ap broth, indicating the presence of released 

phagemid in two out of six recombinants only, would normally expect six out of six, 

but all six of the non-recombinant plaques, numbers 7-12, were released. For analysis 

of the phagemid DNA, Wizard minipreps were performed from the eight released 

phagemids and 8 gl of each phagemid preparation was digested with EcoRI for I h, 

and compared by agarose gel electrophoresis with undigested sample. Figure 15 clearly 

shows the DNA samples to be degraded with incomplete digestion of the phagemids, 

when compared with undigested phagemid preparations. 

3.4.4.2 Phenol: chloroform extraction of phagemid preparations 

To inactivate nuclease activity in the above pExCell preparations, phenol/chloroform 

extraction and ethanol precipitation were carried out before re-analysis by agarose gel 

electrophoresis. An aliquot (8 gl) of the phenol/chloroform treated sample was analysed 

by agarose gel electrophoresis and no degradation was evident. After EcoRI digestion 

for Ih at 370C, smearing was still present in each sample, and in samples 8,11 and 12 

a single product of approx. 4 kb was visible, indicating the presence of phagemid 

without an insert. The other samples showed only degraded DNA. 
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123456789 10 11 

12.0 kb 

2.0 kb 
1.0 kb 
0.5 ki) 

12.0 kb 
3.0 kb 
2.0 kb 
1.0 kb 
0.5 kb 

12 14 16 18 20 22 

Figure 15 Comparison of tindigested and digested pExCeII phagemids 

Randon-ily coi-ed phagenilds, 6 white and 6 blue (1-12) wei-e i-eleased and phaocinid 

DNA exti-acted and digested with EcoRI foi- I h. Undigested saniple wits also 111alysed C7, 

alongside. 

Lane I KB laddei- 

Lane 21 EcoRI digested 

Lane 31 uncut 

Lane 45 EcoRI digested 

Lane 55 uncut 

and so on through to 12. A lot of si-nearing is pi-esent in the digested sanil)Ics only. 

Chapter 3 Results 91 



The phenol/chloroform extraction step was incorporated into further plasmid 

preparation procedures. It was found that, alternatively, heating the preparations to 

650C for Ih eliminated the degradation of DNA. 

3.4.4.3 Alterations to the protocol for phagemid release 

The E. coli NP66 cells are initially grown at 320C but, to allow in vivo excision of 

pExCell, cells are then incubated at 390C, allowing temperature-sensitive expression of 

accessory proteins which are necessary for site specific recombination between attL 

and attR sites in lambda ExCell. This recombination event can only occur when the 

accessory proteins are expressed in E. coli NP66 at 390C, resulting in release of the 

phagemid. The observation that not all plaques analysed were being released, might 

indicate that expression of accessory proteins was not occuring. The manufacturer 

(Pharmacia) suggested extending the time of incubation of E. coli NP66 cells from 20 

min to 30 min, at 390C. Therefore, the incubation time of NP66 cells was extended to 

ensure expression of accessory proteins. Two white and two blue plaques from plates 

39 and 41 were cored and numbered 26 to 29, respectively. Phage from each plaque 

was released as before but with the incubation time of NP66 cells at 390C extended to 

30 min. In further experiments, the incubation times at 390C with NP66 plus phage 

were tested from 20 to 40 min. After incubation for 1.5 hr in 2x YT broth +Sp at 320C 

all cultures were slightly cloudy, indicating bacterial growth, and after overnight 

incubation at 370C in LB broth +Ap, samples 26,27 and 28 were cloudy at all 

incubation times. However, sample 29 was only slightly cloudy at the 20 min 

incubation and there was no growth, (broth clear) at the other two incubation times. 

Alkaline lysis plasmid preparations from samples 26,27 and 28 showed the same band 

profile, and an EcoRl digest resulted in a major product of 4 kb for each sample, 

indicating the presence of phagemid only. The presence of higher molecular weight 

bands in low concentration indicated incomplete digestion of the phagemid. The same 

profile was generated when digested with BamHI, or double digestion with BamHI 

and EcoRI (Figure 16). 
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Figure 16 Alteration to phagemid release 
To determine it' incubation time of NP66 affects release, fOUr plaques, 26-29 were 
tested at three different incubations of 20,30 and 40 min at 390C. Normal release 
protocol was followed otherwise, Plaque 29 was not released at any inCLIbation, but the 
other samples 26-28 were released at all incubations. Alkaline lysis was performed on 
each of the released samples and 5 pl was digested with EcoRI for 2 hr at 370C. 

Lane 15 p] KB ladder 

Lane 2 Plaque 26,20 min inCLibation 5 pl digest analysed 
Lane 3 Plaque 26,30 min Incubation 5 pl digest analysed 
Lane 4 Plaque 26,40 min incubation 5 pl digest analysed 
Lane 5 Plaque 27,20 min incubation 5 pI digest analysed 
Lane 6 Plaque 27,30 min incubation 5 pI digest analysed 
Lane 7 Plaque 27,40 min incubation 5 pl digest analysed 
Lane 8 Plaque 28,20 min incubation 5 pl digest analysed 
Lane 9 Plaque 28,30 min incubation 5 pl digest analyscd 
Lane 10 Plaque 28,40 min incubation 5 pl digest analysed 
Lane 11 5 pl Lambda HindIll 
Conclude all have the saine profile pliagemid (4.2 kb) only no insert, pX's tll()L, (, Ilt to 
be the smaller hand running directly under plExCell at 3.5 kb, described by SLIJ)PIICI'S 
Promega as cornigrating alongwith pExCell. EcoRl digestion should release any 
inserts present. 
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Other experiments showed that changes in inoculation volume and incubation time did 

not affect release of phagemid. When plaques are individually cored they were stored in 

I ml of SM buffer with the addition of a single drop of chloroform to prevent bacterial 

growth. The possibility that residual chloroform in the phage preparations might affect 

release was investigated by dilution of the stock phage up to 4-fold before attempting 

release. Neither this, nor the use of freshlY-cored, rather than stored plaques, affected 

success in obtaining release. 

3.4.4.4 Use of a new batch of E. coli NP66 cells 

Because of the above problems a fresh batch of NP66 cells was supplied by the 

manufacturer, and two fresh plaques, one white (no. 31) and one blue (no. 32) were 

cored from plate 37 and released with the fresh stock of NP66 cells. Both samples 

grew in LB broth +Ap and phagemid DNA was prepared and digested with EcoRI for 

agarose gel electrophoresis. Even with enzyme digestion times extended to 4h sample 

31 remained uncut. Sample 32 was digested after Ih to reveal no insert, as expected 

from a blue plaque. 

3.4.5 Release of phagemids from phages B41.1 to B41.25 

Three problems had been found during attempts to analyse the mean insert size of the 

pExCell library. These were, firstly, difficulties in obtaining release of phagemids, 

secondly, difficulties in release of inserts from the phagemids, and thirdly degradation 

of the phagemid DNA preparation during restriction enzyme digestion. Although all 

phagemids could not be released, a number were successfully released. From plaques 

B41.1-25 release was obtained consistently on four different occasions with plaques 

B41.2,3,4,5,6,7,8,9,10,11,12,13,14,18,21,22 and 24, but other plaques 

(1341.15,16,17,19,20 and 23) gave inconsistent results. For example, B41.15 was 

analysed on four separate occasions with the same protocol but grew in LB broth +Ap 

on one occasion. 

In total, 16 phage were released successfully and analysed by Wizard minipreps, 

incorporating an additional phenol: chloroform and ethanol precipitation step. On 

digestion withBamHI, agarose gel analysis revealed that samples 2,7 and 17 had low 

Chapter 3 Results 94 



concentrations of DNA, therefore, no conclusions can be drawn. Samples 3,8,14,18, 

and 19 all showed the same profile corresponding to undigested phagemid, and 

samples 5 and 6 had a major product at approximately 4 kb indicative of phagemid 

only, with no insert present (Figure 17). 

3.4.6 Use of different restriction enzymes to release phagemid inserts 

To determine if incomplete digestion was due to choice of a particular enzyme, sample 

B41.22 from the above batch, digested with BamHI, was further digested with Haeff 

for 3h and 5 gl was analysed on an agarose gel. This enzyme cuts pExCell at four 

different sites, generating products of 2.9 kb, 876 bp, 370 bp and 8 bp, so in 

conjunction with BamHI the double digest should generate products of 3.3 kb, 588 

bp, 288 bp and 8 bp. If an insert was present all bands would be visible except 588 bp, 

which would be greater in size. Each sample, 5 gl, was also digested for 3h with 

HaeM alone for comparison. The double digest of sample 22 resulted in incomplete 

digestion, whereas digestion with HaeH alone resulted in products of 2.9 kb, 900 bp 

and 350 bp approx., the expected profile for phagemid alone, as the 8 bp product 

would not be detectable. It was concluded that B41.22 contained no insert. 

Heat-treated (650C) samples of Wizard phagemid preparations B41.2,3,5,6,7,8, 

14,18,21,22,24 and 25 were double digested with HindIII / SfU and XhoI MamHI 

for 3 h. Gel analysis showed that B41.8 contained an insert of approximately 500bp, 

although others contained no detectable insert (Figure 18), although samples 2 and 21 

showed bands of 3kb, 4kb and 7kb and required further analysis 

Digestion of B41.2 with BamHI and SfII individually gave a product of 8 kb indicating 

the presence of an insert of 3.8 kb. Further digestion of B41.6,7,22,24, and 25 

phagemid preparations with the above two enzymes resulted in 4 kb bands only, 

indicating the absence of an insert in each sample. Sample B41.21 gave a major product 

of 7.5 kb, showing the presence of an insert of 3.3 kb. B41.2,7,8 and 21 were 

further analysed with double digests of XhoI and BamHI which releases inserts, if 

present from pExCell. The presence of inserts in each case was confirmed, Figure 19. 
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123456789 10 11 

1 12.0 k 
3.0 kb 
2.0 kb 

1.0 kb 

0.5 kb 

Figure 17 Analysis of' phagemids B41.1-25 

Release ot'phagei-nids B41.1-25 with aii exti-a phenoixhloi-olon-ii step Mcorpoi-ated mto 

the Wizai-d pi-ep. Each pi-ep was digested with Baniffl, 5 [tl foi- 5 hi- at 371)C. 5 pl was 

analysed, resulting in incomplete digestion in the majority of samples. 

Lane 15 pl of KB ladder 

Lane 2 10 ýtl B41.2 digest, very little to see 

Lane 3 10 pl 1341.3 cligest, incomplete digestion 
Z- LI 

Lane 4 10 pl B41.5 digest, a ina jor product at approx. 4 kh 

Lane 5 10 pI B41.6 digest, a major product at approx. 4 kh 

Lane 6 10 pl B41.7 digest, very little to see 

Lane 7 10 pl B41.8 digest, incomplete digestion 

Lane 8 10 pl B41.14 digest, incomplete digestion. L- 

Lane 9 10 pl B41.17 digest, very little to see. 

Lane 10 10 pI B41.18 digest, incomplete digestion with it 111a. lor product at 4 kh 

Lane I1 10 pl 1341.19 digest, incomplete digestion. 

Conclude that no inserts are present in samples 1341.5,1341.6 and B41.18. Thc o(licr 

samples have either very little DNA or digestion not complete. 
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Figure 18 Double digests of' selected 1341 phagemids 

B41.2,3,5,6,7,8,14 18,21 anct 22 with llilielffllSlil an(I 

Both gels contain the same order of' samples (hoestco. 1 with two sets of' to 

generate different pattcrns. COIICILIsions, B41.8 has an Inwrt ol"500 hp 

B41.2 and B41.21 inserts of approximately 3 kb? RcqLm-es I'Lirther analysis 
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Figure 19 Analysis of pExCell inserts digested with Xhol / Bamill 

Both gels ai-e identical, Gel B wits i-Lin foi- a longei- penod. Each Hiset-t fi-oin pExCell 

phagemids i-eleased in this saidy wei-e digested on the same gel. The lanc ol-dcl- follows: 

Lane I Gel A+B Lambda Hind III standai-ds 

Lane 2 Gel A+B B41.21 digest, note 3 kb insci, t Z71 

Lane 3 Gel A+B B41.8 digest, note 3.5 kb insei't 

Lane 4 Gel A+B B41.7 digest, note 450 bp insert 

Lane 5 Gel A+B B4 1.2 digest, note 3 kb insei-t 

Lane 6 Gel A+B B 11.15 digest, note 950 bp insei't 

Lane 7 Gel A+B B 11.8 digest 

Lane 8 Gel A+B S44 digest, no insei't 

Lane 9 Gel A+B S24 digest, no insci*t 

Lane 10 Gel A+B S 16 digest, 950 bp insei-t. 
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In summary, the presence of inserts of 3.5kb (1341.2), 950bp (B41.7) and 3.5kb 

(1341.8 and B41.21) was shown, and B41.1,2,3,5,8,6,7,14,18,22,24 and 25 

had no inserts, refer to Table 9. 

3.4.7 Transformation of B41.21 into NM522 cells 

The above pExCell B41.21 was shown to contain a 3.5 kb insert, and due to the 

instability of E. coli NP66 cells, the phagemid was transformed into E coli NM522 

cells by heat shock. Transformed samples B41.2 I NM. 12,22 and 28 were identified as 

having the same profile as B41.21, and these subclones 12,22 and 28 were digested 

with BamHI and XhoI; agarose gel analysis showed the presence of bands of 4.2 kb 

(pExCell) and 3.5 kb (insert). 

3.4.8 Amplification by PCR of the insert in pExCell B41.21 and cloning 

into pUC18 

Amplification of the B41.21 3.5 kb insert from pNM21 clones 12,22 and 28 was 

carried out with SP6 and T7 primers which flank the insert. A single product of 3.5 kb 

was generated, as expected. The PCR product was cloned into pUC18 using the 

Sureclone (Pharmacia) blunt-ended cloning system. Transformation produced only 

three colonies which were shown to contain inserts of 500 bp, 300 bp and no insert. A 

different approach was used in which blunt-ended (Sureclone) 3.5kb PCR product 

was ligated to pUC181SmaI BAP with vector: insert ratios of 3: 1 and 1: 3. In this 

ligation GIBCO T4 DNA ligase and buffer were used with overnight incubation at 

160C. Although heat shock failed to yield any transformants, electroporation produced 

13. The insert size was 500 bp in each case. Sequence analysis was performed on some 

of the above samples (see later). Repetition of the cloning with electroporation give 39 

transformants, 12 of these were analysed to reveal, again, partial inserts. Due to the 

repeated failure in cloning with the Sureclone kit (used successfully in other 

experiments in the laboratory) a different strategy was adopted, by producing 

compatible ends on both insert and vector (pUC18) for ligation. pUC18 was digested 

with SaMlffin&H and insert DNA (pNM28) was digested with XhoYffindIff. Of 20 

transformants analysed one had an insert of 3.5 kb, and a maxiprep was made to 
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provide a large quantity of B41.21 3.5 kb insert in pUC18 DNA for further 

manipulations. 

3.4.9 Analysis of other pExCell inserts 

Following the above example of detecting inserts in pExCell other plaques were 

analysed in the same manner, identifying 900 bp insert in plaques B 11.8 and B 11.15, 

as shown above in Figure 19. S16 was also shown to contain an insert of 950 bp, this 

positive plaque resulting from anti-sera screening. Each of these inserts are analysed by 

sequencing in the next section. 

NAME ORIGIN INSERT 

S16 sera screen 950 bp 

B11.8 Bijoux 11 450 bp 

B11.15 Bijoux 11 900 bp 

B41.2 Bijoux 41 3 kb 

B41.7 Bijoux 41 450 bp 

B41.8 Bijoux 41 3.5 kb 

B41.21 BýJoux 41 3 kb 

Table 9 Summary of inserts sizes in %ExCell/P. sahnonis library. 
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3.5 Nucleotide sequence analysis of clones from the P. salmonis 

Lambda ExCeIl library 

3.5.1 Nucleotide sequence analysis of clone B41.21 

As it had not been possible to release inserts from the pExCell P. salmonis clones by 

digestion with EcoRI the sequence of the pExCell multicloning site (MCS) was determined 

for clone B41.21 by automated sequencing. Several different DNA preparations and 

primers were used, as surnmarised in Table 10, together with the FASTA and BLAST 

results for these samples. 

3.5.1.1 Sequence ag6 

The FASTA alignment of sequence ag6 with that of pExCell is shown in Figure 20. Up to 

nt 39 of ag6, which is equivalent to the EcoRI site of pExCell at position 2110, there is 

87.2% identity, and residues from nt 40 onwards are presumed to be of insert origin. The 

EcoRI site present in pExCell, GAATTC is not present in ag6 but is replaced by 

GCGTTC, explaining why the insert could not be released from this clone by digestion 

with EcoRL 

BLASTN' 2.0.3 analysis of the insert sequence revealed close similarity between ag6 and 

E. coli sequences (accession numbers D90784, AE000241 and D90783). The identity, 

89.2% over 426 nt (Figure 21), would be considerably higher if unidentified bases in ag6 

were discounted. The region of identity within E. coli encodes the potH gene involved in 

putrescine transport. A BLASTX 2.0.3 analysis was also performed to determine the 

similarity at the protein level, and this also showed similarity to potH. 

3.5.1.2 Sequence ag19 

As with sequence ag6, this sample originated from pExCell clone B41.21 and was 

sequenced with the T7 reverse primer, which anneals to pExCell at nt 2175-2155 

resulting in readthrough of the pExCell MCS from nt 2154 to 2110, from the HindIII 

restriction site to the EcoRI site. The sequence data was poor in the region of the MCS 

and did not allow definite identification of the EcoRI site. However, BLAST and 

FASTA searches comparing the insert sequence with databases again revealed high 

similarity with E. coli genes. FASTA analysis resulted in similarity to E. coli X73026 
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and M64630, encoding iciA and rpi genes, and the SerA promoter region, respectively. 

BLAST analysis revealed a similar picture with 85% similarity over 314 nt with E. coli 

X73026, X66836 and AE000374, all of which encode iciA, rpiA and SerA genes. 

I SOORES Initl: 143 Initn: 143 Opt: 150 : 

187.2% identity in 3.9 bp overlap 

2150 2140 2130 2120 2110 
pexcelhws 

ag6 
10 20 30 40 

Figure 20 Comparison of ag6 and pExCell MCS 

Identification of the multicloning site in sequence ag6. The sequences of ag6 and 

pExcell (Accession Number u13848) were compared using FASTA, from which a 39 

nucleotide section was identified with 87.2% identity between the sequences. 

3.5.1.3 Sequence ag27 

The sequence ag27 was obtained by automated sequencing of a pUC18 clone 

containing the B41.21,3.5 kb insert and the -40 primer, which anneals to pUC 18 at nt 

307-325. The sequence through the MCS revealed again that the EcoRI cloning site had 

been altered as in sequence ag6 (above), with bases AA replaced with CG. This is 

shown clearly on the original electrophoretograrn (Appendix 2). The pExCell MCS 

sequence is evident through to position 2151 of pExCell, and after the putative EcoRI 

site lies the insert sequence (Figure 22). 
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AeOO0241 Escherichia coli from bases 150678 (10160 nt) : initn: 1060 
initl: 1060 opt: 1704 Z-score: 1851.4: 89.202% identity in 426 nt overlap 

50 60 
AG 

EME24 TI-I 
5540 5550 

110 120 
AG 

BCAE24 
5600 5610 

170 180 

70 

5560 

130 

5620 

190 

80 

...... ...... 

5570 

140 

5630 

200 

90 

..... ..... 

5580 

150 
TI 

5640 

210 

100 

5590 

160 
CICMTATCI= 

5650 

220 
AG 

ECAE24 
5660 5670 5680 5690 5700 5710 

230 240 250 260 270 280 
AG 

BCAE24 
5720 5730 5740 5750 5760 5770 

290 300 310 320 330 340 
AG 

ECAE24 
5780 5790 5800 5810 5820 5830 

350 360 370 380 390 400 
AG 

ECAE24 TK. R)G*ICCCOCAGCIIGG rIGG'ICCTC CAGGAM-'I'I'i'I =3GMTATGG='I= 
5840 5850 5860 5870 5880 5890 

410 420 430 440 450 460 
AG 

ECAE24 --- TGGIGCCGArITA 
5900 5910 5920 5930 5940 5950 

470 480 490 500 510 
AG 

M%E24 Tr-CICAT-CGCAL'IG'r ALICIC, -GCG IT-CG'IMAA CG= 
5960 5970 5980 5990 

Figure 21 Comparison of sequences ag6 and E. coU A000241 

The unedited sequence of ag6, determined by automated sequencing was submitted to a 

FASTA search of the EMBL database. The greate st similarity was with 3 E. coli 

sequences, of which one, A000241, is shown here. 
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SCORES Initl: 75 Initn: 75 Cpt: 138 
85.7% identity in 42 bp overlap 

2150 2140 2130 2120 2110 2100 
pexcell=s 

ag27 ANGGGCCIGCMýA=AC-CGIGMGNCG-CGTG7CGGATCCIGAIZý(-ýýMC 
10 20 30 40 50 

Figure 22 Identification of the multicloning site in sequence ag27 

The sequences of ag27 and pExcell (Accession Number u 13848) were compared using 

FASTA, from which a 42 nucleotide section was identified with 85.7% identity 

between the sequences. 

FASTA and BLAST analysis provided identical results in each case, with three identical 

E. coli sequences AE000241, D90783 and D90784 resulted in high similarity, 90.7% 

over 845 nt for FASTA and 100% over 480 nt for BLAST (Figure 25 & 26). These 

sequences code for the potH gene and other genes involved in putrescine transport. The 

sequence was analysed at the protein level to confirm the results. 

Score E 
Sequences producing significant alignments: (bits) Value 

dbjID90783ID90783 E. coli genomic DNA, Kohara clone #272(32.4-32... 1094 0.0 
gb[AE000241 IECAE000241 Escherichia coli K- 12 MG 1655 section 131.. 1094 0.0 
dbjID90784ID90784 E. coli genomic DNA, Kohara clone #273(32.5-32... 1094 0.0 
gbIU79490ILLU79490 Lactococcus lactis cremoris putative O-acety... 40 0.45 
embIX664121CRENOLM C. reinhardtii mRNA for enolase 38 1.8 

Figure 23. BLASTN analysis of ag27 
Database sequences showing significant alignment with sequence ag27 by BLASTN analysis. 
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Figure 24. Comparison of sequences ag27 and E. coli D90783. 

The unedited sequence of ag6, determined by automated sequencing was submitted to a 

BLASTN search of the EMBL database. The greatest similarity was with 3 E. coli 

sequences, of which one, D90783, is shown here. 
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dbjID90783ID90783 E. coli genomic DNA, Kohara clone #272(32.4-32.7 min. ) 
Length 15399 
Score 1094 bits (552), Expect = 0.0 
Identities = 665/692 (96%), Positives = 665/692 (96%), Gaps = 10/692 (1%) 

Query: 45 actgcgttccttacattacctgcggtgggcggaaatacgctgtcaacttccgggctgggg 104 

Sbjct: 12709 actgcgttccttacattacctgcggtgggcggaaatacgctgtcaacttccgggctgggg 12,68 

Query: 105 cgctttctggtgtttctctatatctggttgccgttcatgatcctgcccgttcaggcggcg 164 

Sbjct: 12769 cgctttctggtgtttctctatatctggttgccgttcatgatcctgcccgttcaggcggcg 14040 

Query: 165 cttgagcgtttgccgccgtcattgttgcaggcgtcggctgatctcggcgcacgtccacga 224 

Sbjct: 12829 cttgagcgtttgccgccgtcattgttgcaggcgtcggctgatctcggcgcacgtccacga 14000 

Query: 225 caaacctttcgctatgtggtgctgccgctggcaatcccgggtattgccgctggctctatc 284 

Sbjct: 12889 caaacctttcgctatgtggtgctgccgctggcaatcccgggtattgccgctggctctatc 14-: 7-Ad 

Query: 285 tttaccttctcactcacactgggcgattttatcgtcccgcagctggttggtcctccagga 344 

Sbjct: 12949 tttaccttctcactcacactgggcgattttatcgtcccgcagctggttggtcctccagga 13000 

Query: 345 tattttatcggcaatatggtttattcccagcagggggcgattggcaatatgccgatggcg 404 

Sbjct: 13009 tattttatcggcaatatggtttattcccagcagggggcgattggcaatatgccgatggcg 13U68 

Query: 405 gcggcattcaccctggtgccgattattctcatcgcactgtacctggcgttcgtgaaacgt 464 

Sbjct: 13069 gcggcattcaccctggtgccgattattctcatcgcactgtacctggcgttcgtgaaacgt 13140 

Query: 465 ctgggagcgttcgatgcactctgaacgcgcaccgtttttcctcaaactggcggcctgggg 524 

Sbjct: 13129 ctgggagcgttcgatgcactctgaacgcgcaccgtttttcctcaaactggcggcct-ggg 13101 

Query: 525 gcggcgttgttttcctacatttttcccatcctgataatcccccgcctatgcgtttaacac 584 

Sbjct: 13188 gcggcgttgttttcctaca-ttttcccatcctgataat-cgccgcctatgcgtttaacac 132415 

Query: 585 tgaaaat-ccgcgtttaatttttccaccgcaagggnctgacgctgcgctggtttaacctt 643 
lill 11 1 111111 1 11111111111 1111 111111111111111111 111 

Sbjct: 13246 tgaagatgcggcgttt-agttttccaccgc-agggcctgacgctgcgctggttt-agcgt 

Query: 644 ggcancacagcgtaantgatatccttgangccgtgacactgttcacttaaaattggcggn 703 
1111 11111111 1 HIM Hill IIIIIIIIIIII HIM III HIM 

Sbjct: 13303 ggcagcacagcgt-agtgatattcttgatgccgtgacactg-tcactt-aaagtggcggc 13359 

Query: 704 gctggcaanattaattgcnctggtgttangga 735 
HIM I IIIIIIIII IIIIIIIII III 

Sbjct: 13360 gctggcgacattaattgcgctggtgttaggga 13391 
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3.5.1.4 Sequence ag36 

The sequence ag36 resulted from automated sequencing, with the T7 primer, of a clone 

of pUC18 containing the 3.5 kb insert of B41.21. The pExCell MCS lay too close to 

the primer to give determination of a readable sequence with certainty. 

FASTA and BLAST analysis of the insert sequence again revealed almost identical 

results. BLAST showed high homology with E. coli X73026, X66836 and AE000374, 

at 97% over 371 nt. FASTA analysis revealed high homology with E. coli X66836, 

AE000374 and U28377 over 564 nt at 96.6%. Each of these sequences encode the 

genes iciA, rpiA and SerA. 

This is the same pattern as was found with the sample agl9. No protein analysis was 

performed. 

3.5.1.5 Sequence ag33 

The sequence of this sample was generated from a PCR product amplified from 

pExCell B41.21 using primers designed in this study to amplify specifically the region 

flanking the pExCell MCS. The primers should result in a 484 bp product if no insert is 

present and a product greater than 484 bp if an insert is present. In this case the PCR 

product was 3.9 kb, as expected. For sequencing, the primer -40, which anneals to 

pExCell within the flanking region at residues 2217-2201 was used. The position of 

the putative EcoRI site at nt 101 of ag33 is shown in Figure 25; the MCS is clearly 

identified through to nt 2154 of pExCell. The equivalent of the EcoRI site again has 

AA replaced by CG. Analysis of the following insert sequence by FASTA and BLAST 

again revealed homology with E. coli ; BLAST analysis found 97% identity over 406 nt 

with AE00241, D90783 and D90784, whilst FASTA showed 98.3% identity with the 

same sequences over 358 nt. As expected from earlier sequence analysis the region of 

high homology encodes the potH gene. 

Thus, samples ag6,27 and 33 have similar sequences and all contain nt CG instead of 

AA at the EcoRI cloning site. 
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SCORES Initl: 160 Initn: 160 Opt: 186 
88.9% identity in 45 bp overlap 

2100 2110 2120 2130 2140 2150 
pexcellmcs AAGCTTACGCGTGCGGCCGCCGTGTCGGATCCTGAGACTC-, AATTCG 

ag33 CCCNCCCAANANAAGGAAGCTTACukýu. LyiuuukýCGCCGTGTCGGATCCNMACACTGCGTTICC 
10 20 30 40 50 60 

Figure 25 Identification of the multicloning site in sequence ag33. 

The sequences of ag33 and pExCell (Accession Number u13848) were compared using 

FASTA, from which a 45 nt section was identified with 88.9% identity between the 

sequences. 

3.5.2 Nucleotide Sequence Analysis of B41.7 

The partial nucleotide sequence of P. salmonis lambda clone B41.7 was also 

determined by automated sequencing with a range of DNA samples and primers. B41.7 

contains an insert of 450 bp, this was sequenced to determine the insert origin and 

analysis of pExCell MCS. 

3.5.2.1 Sequence ag26 

Sample ag26 was sequenced directly from a pExCell Wizard SV plus miniprep using 

the -40 primer. The sequence was analysed to locate the pExCell MCS and EcoRI 

cloning site by FASTA alignment with the pExCell DNA Sequence. Sample ag26 

matches the MCS from nt 39 to approximately approximately nt 90, corresponding 

approximately to nt 2154-2 100 in pExCell. The ag26 sequence also matched pExCell at 

positions 530-740 corresponding to positions 2011-1891 of pExCell (Figure 26). 

Therefore, one can conclude that the sequence from nt 80 to 530 of sample ag26 is of 

insert origin. 

BLAST analysis revealed 98% identity with 463 nt of E. coli sequences (EMBL 

Accession Numbers, AE000169, D90705 and D90704), which do not encode any 

known functional genes. 
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3.5.2.2 Sequence ag3l 

The data from this sequence analysis was of a poorer quality than for sample ag26, this 

sample was a PCR product, amplified directly from pExCell B41.7 using primers 

flanking the pExCell MCS, nevertheless, the pExCell MCS site could be aligned to 

approximately positions 83-9, equivalent to positions 2114-2194 of pExCell (Figure 

27). 

BLAST analysis gave a similar result to the above with 91 % identity over 15 1 nt for E. 

coli sequences AEOOO 169, D90705 and D90704. 

3.5.2.3 Sequence ag34 

The sample for ag34, as for ag3l. was a 450 bp PCR product of B41.7 and the 

sequencing primer was 2325r, as used in the PCR amplification. The resultant 

sequence was of poor quality but could still be analysed, with the pExCell MCS aligned 

to ag34 at nt 220-63 approximately, corresponding to positions 2114-2270 of pExCell, 

as seen below (Figure 28). Again, the sequence GAATGG (reverse of sequence 

CCATTQ was found at the position of the EcoRI site in the pExCell MCS. 

BLAST results gave again a similar pattern to the previous two samples. 70% 

homology over 220 nt for the E. coli sequence 

Other samples were sequenced including pExCell B41.2, which contains a 3.5 kb 

insert amplified from PCR. The MCS of pExCell was analysed and was GCGTTC. 

FASTA and BLAST analysis on this sample concluded 95.6 % similarity over 371 nt 

with AE000241, D90783 AND D90784. Similar results were obtained with BLAST 

analysis, 95% over 418 nt with the above accession numbers. These results are 

remarkably similar to BLAST and FASTA analysis of ag6, ag27 and ag33, these 

sample are analysis of B41.21 which also contains a 3.5 kb nsert. 

The unsucessful transformation of B41.21 into pUC 18, which resulted in partial inserts 

in more than one sample was also sequenced to determine the origin of the insert. 

BLAST analysis of this sample showed the highest degree of similarity to Lambda 

cloning vectors, this sample was not analysed further. 
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SCORES Initl: 495 Initn: 575 QPt: 814 
89.9% identity in 218 hp overLV 

2139 2129 2119 2109 2099 2089 
ul3848. gb-f-y G. MMIMMMM 

ag26 
500 510 520 530 540 550 

2079 2069 2059 2049 2039 2029 
u13848. clb-gy 

ag26 lui 
560 570 580 590 600 610 

2019 2009 1999 1989 1979 1969 
ul3848. cjb-w 

IIIIIIII Hill III 11111111 11 111 111111 111 11111111111 1 
acj26 

620 630 640 650 660 670 

1959 1949 1939 1929 1919 1909 
ul3848. gb-, sy 'L"ý, LCAClGOO=TlC3NGI0= 

111111111111 11 HIM 11 111 

ag26 
680 690 700 710 720 730 

1899 1889 1879 1869 1859 1849 
ul3848. gb-w 

ag26 
740 750 760 770 780 790 

Figure 26 Identification of the multicloning site in sequence ag26. 

The sequences of ag26 and pExCell (Accession Number u13848) were compared 

using FASTA, from which a 218 nucleotide section was identified with 89.9 % identity 

between the sequences. 

SOCPM Initl: 173 Initn: 224 Opt: 208 
73.8% identity in 80 bp overlap 

109 99 89 79 69 59 
ag3l 

u13848 
2090 2100 2110 2120 2130 2140 

49 39 29 19 9 
ag3l 

u13848 
2150 2160 2170 2180 2190 2200 

Figure 27 Identification of the multicloning site in sequence ag3l 

The sequences of ag3l and pExCell (Accession Number u13848) were compared using 

FASTA, from which a 80 nucleotide section was identified with 73.8 % identity 

between the sequences. 
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SOORES Init'l: 417 Initn: 417 Cpt: 511 
78.3% ideatity in 161 lp overhv 

249 239 229 219 209 199 
ag34 

11 11111 111 Hill 1111 1111 1 
u13848 

2090 2100 2110 2120 2130 2140 

189 179 169 159 149 139 
ag34 

111111 11 Hill I II lill 
u13848 

2150 2160 2170 2180 2190 2200 

129 119 109 99 89 79 
ag34 ACOItZ'l=G3GAAAN= ý, IAaX IU=AU\ =T=M CAM= 

u13848 
2210 2220 2230 2240 2250 2260 

69 59 49 39 29 19 
ag34 

I Hill I 
u13848 

2270 2280 2290 2300 2310 

Figure 28 Identification of the multicloning site in sequence ag34. 

The sequences of ag34 and pExCell (Accession Number u13848) were compared 

using FASTA, from which a 161 nucleotide section was identified with 78.3 % identity 

between the 
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CHAPTER FOUR: PISCIRICKETTSIA 
SALMONIS ARDINTOUL 

Chapter 4 Results 114 



4.1. Growth of P. salmonis Ardintoul in tissue culture 

4.1.1 Introduction 

In the course of this study an outbreak of a disease with symptoms similar to those of 

piscirickettsiosis was detected by Marine Harvest MacConnell (Grant et A, 1996). 

Two sea loch sites stocked with smolts in April 1995 experienced an outbreak of 

disease in November 1995 when water temperatures had fallen to I I'C. Abnormal 

swimming, skin damage and increased mortalities were noted. Histopathology showed 

few obvious changes except for splenomegaly. However, histopathological changes 

were evident in the brain with basophilic intracellular coccoid bodies associated with 

areas of encephalitis and vasculitis. From explants of brain tissue cytopathic effects 

were caused in CHSE cells within 9 days. The RLO harvested after passage in CHSE- 

214 cells reproduced the disease in salmon smolts, from which the organism could 

again be recovered in tissue culture. This new RLO isolate was called Ardintoul after 

the site of origin. To confirm the relatedness of this isolate to LF89 further work was 

undertaken in this laboratory. 

4.1.2 Growth in tissue culture 

The Ardintoul isolate was supplied by Marine Harvest MacConnell growing in CHSE- 

214 cells. Growth in tissue culture was monitored by light microscopy on a regular 

basis. The same cytopathic effects were seen in CHSE-214 cells with the new isolate, 

i. e. the cells rounded up, vacuoles were apparent in the cytoplasm after 3-5 days, and 

bacteria were visible within these vacuoles (Figure 29 and 30). Eventually the 

monolayer was completely destroyed by the damage caused by the bacteria. The new 

isolate was maintained in CHSE-214 cells for several passages to build up a large stock 

of infected material for analysis. 

4.1.3 Electron microscopy 

To confirm the nature of the organism electron microscopy was performed on infected 

cell culture supernatant harvested from a flask of cells showing confluent lysis, 

(Figures 31 and 32). These showed clusters of organisms within vacuoles in 

degenerated cells. The organism was coccoid, approximately I gm. in diameter, and had 
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Figure 29 CHSE cells infected with P. salmonis Ardintoul viewed by 
light microscopy 
Cytopathic effect pi-oduced by P. salmonis Ardintoul isolated from the infected brain of 
a salmon displaying typical diseases signs, in CHSE cells. Day 6 post-infection. Phase 
conti-ast, x40 magnification. 

Figure 30 CHSE cells infected with P. sahnonis Ardintoul viewed by 
light microscopy 
Cytopathic effect produced by P. salmon's Ai-dintoul isolated from the infected brain of 
a salmon displaying typical diseases signs, in CHSE cells. Day 8 post-infection. Phase 
contrast, x 100 magnification. 

Chapter 4 Results 116 



a characteristically rippled outer membrane. In Figure 31 a cell undergoing division can 

be seen. 

4.1.4 Optimal conditions for growth in tissue culture 

To determine the optimal temperature for growth the experiment described above 

(3.1.3) for P. salmonis LF89 was repeated with infected and uninfected CHSE cells in 

25 cm2 sterile, tissue culture flasks incubated at 15,17 and 200C. Growth was 

monitored by light microscopy on a daily basis; as before, 170C was considered the 

optimum incubation temperature to support productive infection of the cells. 

4.1.5 Growth of Ardintoul RLO in XTC cells 

The Ardintoul RLO was passaged routinely in CHSE cells but it was desirable to be 

able to culture the agent in other cells for future work, e. g. immunoblotting, and an 

aliquot of infected supernatant was filtered (4.5 gm) and transferred to monolayers of 

XTC cells at 170C. XTC cells are derived from frogs (Rokaw, 1996). The supernatant 

after 21 days was transferred to a fresh monolayer of XTC cells and the procedure 

repeated. Growth was monitored by light microscopy and the organism caused 

cytopathic effects in these cells, although fewer organisms were visible in the 

supernatant of infected cultures. 

4.2 16S rRNA gene sequence of the Ardintoul agent 

4.2.1 Determination of 16S rRNA gene sequence 

To determine the degree of relatedness of the Ardintoul agent to other recognised 

piscirickettsia the sequence of the 16S rRNA gene was determined. DNA was extracted 

from infected CHSE cells and used, either directly, or after cloning into pUC 18, for 

automated sequence analysis. 

Sequence data was assembled manually using the program SEQMAN to generate 

contigs and the final sequence is shown in Appendix 3. 

4.2.2 Comparison of 16S rRNA sequence with that of other rickettsia 

The above sequence was subjected to a FASTA search for comparison with sequences 

in the EMBL database. As expected, this showed a high degree of identity with other 

piscirickettsial sequences (Table 12 ), the closest similarity being with P. salmonis 
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Figure 31. Flectron microscopy of CHSE cells infected 'with 1. salmonis 

Ardintoul isolate. 

A number of organisms can be seen within membrane bound vacoules, with one 

organsim appearing to divide by binary fission. 

Magnificanon =x 13,200. Scale 12 nim = 0.6 pin. Photo A 

Magnification =x 150,000. Scale 12 nim = 0.15 pin. Photo B tý 
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Figure 32. Transmission electron micrograph of a cell of P. salmonis 

Ardintoul isolate. 

An undulating outer cell rnernbrane and electron dense area connected by fibrillar 

strands are visible, in each case. 

Magnification =x 150,000 14 mrn = 0.15 prn. 
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Database: Nm-redzidant GenBank+Emm, +rcW+Pm sequences 
360, *863 sequences; 796,746,568 total letters. 

Searching ................................................... done 

anallest 
Sm 

High Prdoability 
Sequences proCIxing High-socring SeUxmt Pairs: Score P(N) N 

gblTJ550151PS055015 Piscirickeettsia, salmmis 16S rF% ... 7580 0.0 1 
cbjlABO138281ABO13828 PseuJmrros sp. 16S nFTA gem, clo ... 5018 0.0 3 
gb I U77480 jFZTn480 Rickpia. piscesae erAosynbicnt 16S ... 4901 0.0 2 
gbIU77478 RE1177478 Riftia pachyptila endosynbicnt 16S ... 4810 0.0 2 
gbIU77481 IBLY77481 

1 
Lan-ellibrachia coluffm enjosyni-)icn ... 4797 0.0 2 

PSU36941 gbIU36941 Piscirickettsia salmnis IF-89 16S ... 4590 0.0 4 
gb IT. T36942 I PSU36942 Piscirickettsia salmonis IM-92 16 ... 4338 0.0 3 
gbjIA9945ljRM6SFUM Riftia pwirADtila trcjzjxsm-e synbi ... 4309 0.0 2 
gbIU77479liaM479 Lmyellibrachia EP. EnJoswrbicnt 16 ... 4044 0.0 4 
gbIAM68ODSIM68008 StenotrqIxxncinas rmitcpbilia strai ... 4008 0.0 3 
errbIX849791COS16SR C. oxbicularis syrrbicrt 16s rRm gene 3550 0.0 3 
ErrbjX95229jU, Sl6SETN Lucina Mssula gill sYnbicnt 16S r ... 3514 0.0 3 
gb U77482 I EEIM482 E3carpia spicata embsynbicnt 16S ... 3121 0.0 5 
gb An269791 Uaidentified beta protedbacteriun ... 2959 0.0 4 

AM35724 gb An35724 Calyptcgena rhaseolifannis gill sy ... 2929 0.0 2 1 
gb AF035722 AF035722 CabPtcgena EP- Florida gill sy7rbi ... 2920 0.0 2 
mb I Y11150 1 P=1150 PseL'Jmxmas graminis Sp. nov. 16S ... 2903 0.0 4 
gbIAED357211AF'035721 CabPtOgena magnifica, gill sYnbicn ... 2892 0.0 2 
dbi D840201PSEIAML9 Pseuclirmas putida 16S rRA gem, ... 2891 0.0 4 
dbi D840041FLSIM33 

l 
Flavimmas cnýzihabitans 16S 311A ... 2891 0.0 4 

AB0056551ABOO5655 dbi UiOentified gmma protedbacterium ... 2888 0.0 3 
gblAF0644581AF064458 Pseudmmas nmtei-Iii 16Sriboscrm ... 2885 0.0 5 
gbIU858431CSL25843 Colwellia EP. (strain ACAM 605) 16 ... 2882 0.0 2 
gbjU85842jCSrj85842 0: )1wellia peyd=oerytl-xus =64 16 ... 2879 0.0 3 

UB58411 5841 gb CONellia Pr-YchroerYtIn= ACM 604 ... 2879 0.0 2 ý 

gb M64459JAn64459 Psexlawnas Andesiae 16S riboscaa ... 2871 0.0 4 
gb AF, 074383JAn74383 Pseuimrnas migulae 16S ribosama ... 2868 0.0 4 
gbjAF%)64461JAn6446l Pr-Esxbmcms cedrella 16S ribosanal ... 2868 0.0 4 
gbIAE1058286JAn58286 PseLxImams nwidelii 16S ribosanal ... 2868 0.0 4 
dbilDS40251PSE=4 Pseuýkmmas symmtba 16S nlým gen ... 2868 0.0 4 
dbilABO152541ABO15254 Unidentified gmm-a proteobacterilza ... 2867 0.0 3 
gbIM'0682591AM68259 PseudaTmas jessenii 16S ribosamal ... 2863 0.0 4 
gbIU618481b, =61848 Marinla-acter Sp. CAB 16S ribosaval... 2862 0.0 3 
cbj ID94013 I PSEUM2 Pseudcrnmas fluoresceas 16S xim g ... 2862 0.0 4 
gbjA9)57645JAn57645 Psaximmas libaniensis 16S riboso ... 2859 0.0 4 
eabIZ766591PCZ76659 P. citrcnellolis 16S rRm gene 2859 0.0 4 
dbi I D84009 I PSEIAM8 Pseu&mmas azotOfOnram 16S rFM ... 2858 0.0 5 
errbIX872711AH16S3018 A. hydrcphila 16S xRM gene 2854 0.0 4 
gbjAF074384JAn74384 Psexkvanas gessardii 16S ribosara ... 2853 0.0 4 
gblAF1064460JAn64460 Pse"Acurrias veranii 16S ribosmal ... 2853 0.0 4. 
gb[AF0644571AF064457 Psexl: rmnas orientalis 16S ribosan ... 2850 0.0 4 
errbIA30002151OW215 -St-SA'anella baltica. CS155 16S rRm ... 2850 0.0 4 
enb I X31623 I SPRM16S S. putrefaciens 16s rRm gene 2848 0.0 4 
gblAF0726881AF072688 Pseudcmmas nosselii 16S xibcscrnal ... 2847 0.0 5 
dbj D84011 I PSEZX410 Pseudmrnas chlororaphis 16S n1m ... 2846 0.0 4 
enb Z766711PVZ76671 P. viridiflava 16s rR% gene 2842 0.0 4 
errb A: TO00216 I S13AM16 giewanella baltica 16s nRm gem 2838 0.0 4 
cib 11435016 1 DM4TM Dichekbacter rxrbsus 16S ribosam ... 2838 0.0 5 
dbi jD84002jCH3IAIQ1 Chtysecaunas luteola 16S rRM gem ... 2831 0.0 4 

AJ0002141MAM14 enb Shemmella baltica M=0735 16S r ... 2828 0.0 4 l 

eib Z766621PFZ76662 P-fluorescens 16S rRNA gem 2828 0.0 4 
dbj ID84027 I PSEM*26 PseuJmtnas taetrOlem 16S rFzA ge ... 2826 0.0 4 
EnbjX81621jSHl6FdNýB S. alga 16S rMA gene (Bry) 2821 0.0 4 
dbjlABO138291ABO13829 Pseadamms sp. 16S x%A gene, clo ... 2816 0.0 4 
gblAF1063219JAn63219 Pseudmrras stutzeri 16S ribosaral ... 2814 0.0 4 
EnbIZ766571PCZ76657 P. chlorcrapbis (strain US 5004T) ... 2813 0.0 4 
EnbIZ766691PSZ76669 P. syringae 16S rRa gene 2813 0.0 4 
gbIM0052491 9-Nonella alga 16S ribosaral pm ... 

2812 0.0 4 
EnbjX8l622j, qU6RFI, W S. alga 16S nna gem (FeRed) 2812 0.0 4 

le-rbiAJO 8051PSPA32805 PseLrImmas sp. 16S rMA gene, iso 
... 2810 0.0 4 

Table 12 FASTA search Ardintoul and EMBL sequences 

FASTA analysis was performed using the GCG Software Package, as described 

elsewhere. The greatest similarities occur with other A salmonis isolates. 
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SLGO-94. In addition to the piscirickettsiae there was close similarity with a number of 

endosymbiotic bacteria, such as those of Ridgeia piscesae and Riftia pachyptild (Table 

12). 

PILEUP analysis of the 16S rRNA gene sequences of the Ardintoul agent with those of 

recognised piscirickettsia is also shown in Appendix 3 and indicates that, compared to 

the Ardintoul sequence, there were differences in 9 bases with SLGO-, 94 and LF-89 

strains, 16 differences with NOR-92 and ATL-4.91 strains, and 48 differences with 

strain EM-90. The position at which differences occur is summarised in Table 13 The 

comparative sequence data allowed the generation of a PAUP tree showing the 

relatedness between these bacteria (Figure 33), and it is clear that the Ardintoul agent is 

distinct from previously identified strains of P. salmonis. 
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Base number Ardintoul SLGO-94 LF-89 NOR-92 ATL 4.91 EM-90 

12 c A A 
201 A* T T 
258 G 
269 G 
374 G A 
385 c A 
386 A 
387 G 
390 A 
391 T 
392 G A 
426 G T 
445 G 503 
519 c 
537 T G 
612 c A 

c 
676 G 
702 T c c c c 
715 G c 724 G 
733 T c c c 
873 A 
874 c 
876 G c c c 890 G 
891 G c c 894 G c c c 910 A c 
911 A 
912 G 
914 A G 916 T 
918 G A 
919 1- A T T T G 

T 

929 G c c c 

930 c 
931 A A 
932 c c 
934 A A 
957 T G 
958 c 
959 G 
960 A c 
961 T G 
962 G A 
1002 T T 
1004 c G 
1005 T T 
1006 G G 
1007 c A 
1014 G T 
1015 c A 
1016 G T 
1019 A T 
1095 G T 
1135 T c 
1403 T c A 
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4.3 Preparption and analysis of a P. salmonis genornic library in %FixII 

4.3.1 Preparation of a P. salmonis library in %FixII 

Purified P. salmonis Ardintoul bacteria were prepared (Section 2.5), the DNA extracted 

by the CTAB method (Section 2.6) and 2gg DNA was partially digested with Sau3AI 

to generate compatible ends for cloning into the vector %FixII (Figure 35), the 

overhanging ends were then partially filled-in to generate 3' AG 5' overhangs, Figure 

36. 

Ligation, with 2 gg insert DNA and 1 gg %FixIl vector, and packaging to form 

infective lambda recombinants were performed, along with control ligations with vector 

alone (1 gg) and vector (I gg) plus control insert (pMF, 0.3 Rg). The ligations were 

packaged in E. coli strains XLI-Blue MRA and XLI-Blue MRA P2. %FixII is a 

replacement vector which is sensitive to P2 inhibition. Lambda phages containing active 

red and gam genes are able to grow on lysogenic strains, XLI-Blue MRA P2 is a 

lysogenic strain. The red and gam genes in XFixH are located on the stuffer fragment, 

therefore wild type %FixII cannot grow on the lysogenic strain. When the stuffer is 

replaced with an insert the recombinant XFixH becomes red-gam-, and the phage grows 

on the lysogenic strain. By plating the library on XLI-Blue MRA (P2) only 

recombinant phages grow, the XLI-Blue MRA strain is provided as a control. A 

control packaging reaction was also set up to test the efficiency using an extract of the 

E. coli strain VCS357 
_with 

wild-type ýx1857 Sam7. Part of eagh packaging mixture 

was immediately titrated and the remaining material stored at 40C. The results of the 

phage titrations are shown in Table 14. The packaging efficiency of wild-type lambda 

with E. coli strain VCS257 was Ix 108 recombinants per gg DNA, comparable to that 

expected from the manufacturer (>108 recombinants per gg DNA). Similarly, the 

number of plaques generated with the ligated test insert was 1.75 x 107 recombinants 

per gg DNA, compared to that expected by the manufacturer (5 x 106 recombinants per 

gg DNA). The transfection efficiency, calculated from the number of plaques at the 10- 
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dilution was 2.75 x 105 recombinants per ptg DNA; this compares well with other 

published results for recombinant libraries from rickettsia. 

4.3.2 Screening the P. salmonis XFixl1 library 

A portion of the packaged P. salmonis genomic library in %FixII was plaque assayed 

(20 gl), the resultant plaques from 5x 150 mm plates were transferred to Hybond N+ 

membranes, according to manufacturer's instructions. 

These were numbered 1-5, and hybridisations were performed at 680C overnight with a 

variety of probes and washed with a medium stringency of 0.5 x. Results of screening 

are shown in Table 15. 

21 positive plaques resulted from screening plate 2 with the 16S DIG-labelled probe, 

and membranes 2 and 3, previously probed with DIG-16S rRNA probe were stripped 

of DIG-labelled 16S probe and reprobed with DIG-MIP, resulting in 3 positive 

plaques, named MIP 1-3. Each positive plaque was individually cored and numbered 

accordingly. 

4.3.3 Secondary screening 

A selection of plaques resulting from the primary screening were assayed and 

hybridised with their respective probes to eliminate any false positives. The results of 

secondary screening (Table 16) indicate that all samples were false positives except 

MIP3 which generated a further 6 positive plaques, numbered 1-9, subsequently 

analysed by tertiary screening. 

4.3.4 Tertiary screening 

Phage were isolated from MIP-positive plaques 4,5 and 6 from secondary screening, 

assayed and probed with DIG-MIP at a constant hybridisation temperature of 680C; the 

stringency was varied from low (I x, MIP4), to medium (0.5x, MIP5) and high (0.1 x, 

MIP6). No hybridisation was found at any stringency. Positive controls with I or 10 gl 

volumes of L pneumophila DNA at dilutions of 1/25 and neat MIP-PCR product were 

tested and all spots gave strong positive reactions after I h, results not shown. Thus, 

the sensitivity of the reaction was adequate to detect MIP-DNA in the form of the PCR 
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234 

12 kb 
5.0 kb 
3.0 kb 
2.0 kb 

1.0 kb 

0.5 kb 

23 kb 

4.4 kb 

2.0 kb 

0.5 kb 

Figure 34 Ardintoull extracted DNA 
P. salmonis Isolated fI'OM tissue CLIltUl'C MatCHal hy (111TC1"ClItIal CCIIII'11'U"ý01011 Mld 
isolation on a Percoll gi-adjent, i-esultcd in two 11MICIS Ml LIJ)Pffand lowei-. Uppei- 
composed of tissue cultui-e debris and lowei- composed ofbacteria. Both hands 
undei-went CTAB genomic pi-ep. Concenti-ation ot'P. salmoms equivalent to 80 ngo/pl 
thei-efore got 10 pl = 800 ng, togethei- with pi-evious pi-ep which ocnei-ated 1000 no 
adding both togethei- gives a total of 2.4 po, COIIClUdC appi-ox. 2 P" to al low 1,01- CI-1-01. s 
in estimation. 
Lane I KB laddei- 
Lane 2 P. salmonis Ai-d isolate CTAB-genomic pi-ep 
Lane 3 Uppei- band CTAB genomic piep (tissue cultui-e material degi-aded) 17, t- 
Lane 4 Wind][11 (to detei-mine concenti-ation ol'pi-cp) 
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Figure 35 Partial digest of Ardintoul DNA 
Partial Sau3AI di-cst ol'P. sahnonis Ard isolate to cycrierate compatible ends l'or 

cloning. Ard Sau3AI partial digest was set Lip with approx. 0.7 Pg ol'Ard CTAB- 

genomic prep and digested for 5,10 and 20 min at 37oC. The three digests were pooled 
to give 30 pl, I pI was analysed to check digestion and the remaining 29 pl was phenol r-I 
extracted and EtOH precipitated and resuspended in 10 pl oi'(IH, )O. 
Lane I KB ladder 
Lane 2 Ard Sau3AI partial digest. 

Lane 3 Windill 
Lane 4 KB ladder 
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PARTIAL FILL-IN OF LAMBDA FIXII AND VECTOR DNA 

Xhol XhoI 
5'- CTCGAG AAGGAATTCTCTAGATCTAGAGAATrCGG CTCGAG-3' 

XhoI Digest 

5'-C TCGAG-3' 
3'-GAGCT C-5, 

Partial fill-in 

5'-CTC TCGAG-3' 
3'-GAGCT CTC-5' 

Ligation with insert 
Sau3AI partial digest filled-in 

5'-CTC GATC-INSERT-GA TCGAG-3' 
3'-GAGCT AG-INSERT-CTAG CTC-5' 

5'-CTCGATC-INSERT-GATCGAG-3' 
3'-GAGCTAG-INSERT_CTAGCTC-5' 

Figure 36 Schematic to show digestion and partial fill-in of '%FixII and 
insert DNA. 
The final ligated insert plus vector is shown at the bottom, resulting in the removal of 
two XhoI, EcoRI and XbaI restriction sites from the MCS of lambda FixII. 
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Dilution of packaging mixture Number of colonies 
MAI XLI-BlueMRAP2 YCLI-BlueMRA 

neat 0 60 
10-1 0 18 
10-2 01 
10-3 00 
10-4 00 

%Fixll + pMF 
neat TMTC TMTC 
10-1 TMTC TMTC 
10-2 105 90 
10-3 12 8 
10-4 1 0 

, %Fixll + Ard 
neat 86 74 
10-1 11 12 
10-2 01 
10-3 00 

, 41857 VCS257 

neat TMITC 
10-1 TNFFC 
10-2 Tmrc 
10-3 0 
10-4 0 

Table 14. Preparation of aA salmonis recombinant library in %FixII 
The number of plaques is shown for each dilution of the packaged plaque assayed. 
Control packaging reactions are expected to yield greater than Ix 10 8 plaques per gg; 
value found =Ix 10 8 plaques per pg. 
The control vector plus test insert is expected to yield 5x 106 recombinants per Rg; 
value found = 1.75 x 106 recombinants per gg. 
TMTC = too many to count 
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MEMBRANE PROBE POSITIVES NAME 

1 MIP 

2 16S 21 2.1-21 

2 MIP 3 MIP1-3 

3 16S 

3 MIP 

4 16S 

5 3.5 KB 8 3.5.1-8 

Table 15 Summary of Primary Screening 

The membranes were numbered 1-5 and probed with different probes, the resulting 

positives are recorded. 

PLAQUE PROBE NUMBER OF POSITIVE 
PLAQUES 

MIP MIP 0 
MIP2 MIP 0 
MIP3 MIP 6 
2.1 16S 0 
2.10 16S 0 
2.21 16S 0 
3.5.1 B41.21 3.5 kB 0 
3.5.5 B41.21 3.5 kb 0 
3.5.8 B41.21 3.5 kb 0 

Table 16. Secondary screening of A salmonis recombinant library in 

?, FixII 

The origin of each plaque and the number of positives plaques generated by 

hybridisation at 680C overnight with a medium stringency are shown. 
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PROBE NUMBER OF POSITIVE 
MIP 

PRIMARY SCREEN 3 
SECONDARY SCREEN 6 

TERTIARY SCREEN 0 (only 3 analysed) 
16S 

PRIMARY SCREEN 21 
SECONDARY SCREEN 0 (only 3 analysed) 

3.5 KB 

PRIMARY SCREEN 8 

SECONDARY SCREEN 0 (only 3 analysed) 

Table 17. Summary of Screening 
Each screening step is surnmarised above, showing the positives. 

product or L pneumophila DNA, although this cannot be an absolute control as the 

DNA has been extracted and is not within a cell or phage where proteinases and cell 

debris are present to contaminate and interfere with hybridisation reactions. However, it 

was considered that the putative MIP-positive phages were all false positives. 

4.4 Investigation of recombinant inserts in %FixII library by PCR 

differential screening 

Differential screening was performed to isolate insert DNA from recombinant %FixII 

plaques by PCR (Luo et al., 1994). The procedure used primers complementary to left 

and right lambda arms, the section between this contains the cloned DNA. Positive 

plaques from the primary screen were cored, freeze/thawed to release DNA and used as 

template in the PCR reaction with primers recognising sections of the lambda L and R 

arms (T7/T3 primers). Plaques reacting positively with the DIG- I 6S rRNA probe did 

not yield PCR products, nor did DNA extracted from phage preparations. Lambda 

minipreps were, therefore, made for each of the 16S positive plaques (2.1-2.6) to 
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provide clean template DNA for PCR amplification with eubacterial 16S primers 926f 

and 1525r. A 600 bp product was successfully amplified from each sample (Figure 37). 

To determine the origin of the above 600 bp PCR product, restriction enzyme analysis 

was performed to distinguish between P. salmonis and E. coli sequences. The 

restriction enzyme PstI should digest the P. salmonis 16S rRNA gene but not that of 

E. coli. None of the recombinant lambda positive isolates were digested after overnight 

incubation at 370C. Subsequently, phages from 10 plaques from five different plates, 

selected at random (2 per plate) were used in PCR with the 16S primers 926f and 1525r 

and all produced PCR products of approximately 600 bp, from which it was concluded 

that positive results had arisen from the E. coli DNA inevitably present in all samples 

from its use as the host cell for growth of phage lambda (Figure 38). 

4.5 Analysis of average insert size of recombinant P. salmonis genomic 

library in %FixII 

To determine the average insert size, DNA was prepared from phage from 10 well- 

separated plaques from five different plates, as above and digested with a variety of 

restriction enzymes (EcoRI, NotI and BgIII ) and analysed by agarose gel 

electrophoresis. Sample 1, digested with EcoRI, clearly showed an insert of 7 kb ( 

Figure 39), and the NotI digest of samples 6 and 7 indicated the presence of 9 kb and 

10 kb inserts. Other samples gave bands which were too faint for reliable analysis and 

further analysis with larger quantities of freshly prepared lambda DNA is required. 
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Figure 37. PCR amplification of' 16SHINA from recombinant ý, 

Using 16S primers, 926f and 1525r PCR was perl'ormed on recombinant ý, Fixjl/ P. 

salmonis clones. Template DNA was prepared by ý, rinnipreps and 2 PI amplified, 7 j, 11 
ofeach reaction was analysed by agarose gel clectrophoresis. 
Lane I KB ladder 
Lane 2k2.1, product approx. 600 bp 

Lane 3k2.2, product approx. 600 bp 

Lane 4k2.3, product approx. 600 bp 

Lane 5k2.4, product approx. 600 hp 

Lane 6k2.5, product approx. 600 hp 
Lane 7k2.6, product approx. 600 hp 
Lane 8k2.2 1, product approx. 600 bp 
Lane 9 PCR reaction with no primers 
Lane 10 PCR reaction with no DNA or primers 
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Figure 38. Pstl digestion of ý 16S rRNA positives 
16S products amplified from k plaques by PCR were digested (5 [d) with the 
restriction enzyme PstI to determine origin of 16S if E. coll or P. salmonis 
PvI cuts P. salmonis at position 1007 of 16S gene, region amplified is betwen 926 
and 1525, there are no PstI sites within the E. coli 16S gene in the region above. 
10 VI analysed on gel, . 
Lane I KB ladder 
Lane 2 k2.1 uncut 
Lane 3 k2.1 PstI digest 

Lane 4 k2.2 PstI digest 

Lane 5 k2.3 PstI digest 
Lane 6 k2.4 PstI digest 

Lane 7 k2.5 PstI digest 

Lane 8 k2.6 PstI digest 
Lane 9 PCR controls 
Lane 10 PCR controls 
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Figure 39EcoRI digest of k DNA samples 1,2,4,5,6, and 7. 
k DNA was prepared by modifed Wizard Clean-Lip protocol of' 10 wel I separated 
FixII/Ard and 7 pl digested with EcoRI for 1.5 hi- at 370C. Samples 3,8,9 and 10 
were not analysed. 
Lane I KB ladder 
Lane 2XI EcoRI digest 

Lane 3 k2 EcoRI digest 

Lane 4 k4 EcoRI digest 

Lane 5 k5 EcoRI digest 
Lane 6 k6 EcoRI digest 
Lane 7k HindIII standard 
Lane 8V EcoRI digest 
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4.6 Preparation and analysis of antiserum to A salmonis Ardintoul. 

Purified Ardinioul bacteria were used for production of antiserum in a sheep at the 

Scottish Antibody Production Unit, and the sera obtained after immunisation for 1,2,3 

and 8 months were compared with pre-immunisation serum. 

4.6.1 Comparison of sera by ELISA 

ELISA was performed to determine the reactivity of the different sera with rickettsiae 

and the host cells (CHSE) from which they. had been purified. For this purpose extracts 

of uninfected cells (both CHSE-214 and XTQ, and P. salmonis (Ardintoul)-infected 

CHSE and XTC cells were used. The results are shown in Figures 40 and 41, as 

graphs of serum concentration against A595 nm. Some cross-reactivity of antisera to 

uninfected cells occurred, although the reactivity with both CHSE and XTC antigens 

suggest that this is mainly a non-specific cross-reactivity which could be removed by 

absorption of the sera. The reactivity against extracts of Ardintoul-infected cells was 

much greater than with uninfected cells and increased progressively with immunisation 

time. 

4.6.2 Indirect fluorescent antibody test (IFAT) 

To determine whether the anti-P. salmonis antisera could detect Ardintoul and LF89 

bacteria directly in infected tissue cultures, an MAT was performed (Lannan et al., 

199 1). The antiserurn did not react with uninfected cells, and pre-immune serum (1150) 

gave slight background fluorescence with extracts of either Ardintoul or LF-89-infected 

CHSE cells, but the anti-P. salmonis immune sera (1150) clearly detected both LF89 

and Ardintou I bacteria as brightly fluorescing-dOcci in infected cell cultures (Figure 42). 

4.6.3 SDS-PAGE and immunoblotting analysis of rickettsia- infected 

cells 

Extracts of uninfected and infected CHSE and XTC cells were adjusted to a standard 

protein concentration and compared by SDS-PAGE. Few differences could be seen 

between the Coomassie Blue-stained gel profiles for infected and uninfected cells 

(Figure 43). Immunoblotting with anti-P. salmonis antisera (pre-immune, and 8 

months post-immunisation) showed very little reaction with extracts of CHSE cells, 
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Figure 40 Graph of ELISA data 
The data from ELISA are plotted Dilution against A595. The top graph represents 
uninfected XTC cells and the bottom, Ardintoul infected XTC cells. 
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Figure 36 ELISA CHSE cells- uninfected control 
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Figure 41 ELISA of infected and uninfected CHSE cells with anti-P. 
salmonis 
The ELISA data is plotted Dilution against A595. The top graph represents the 
uninfected control CHSE cells and the lower graph the infected CHSE Ardintoul cells. 
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Figure 42 Immunofluoreseence 
CHSE-214 cells infected with Ai-dintmil and detected with anti-P. salmollis antisel-a 
Lising FITC labelled anti-sheep/goat IoG L, 
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suggesting that there was little contamination of the purified rickettsiae with cellular 

material. With extracts of uninfected XTC cells 4 polypeptides of MW > 66k reacted 

with the immune serum and at least two of these reacted with control, pre-immune 

serum. The antigens recognised by the antiserum in extracts of both cell types infected 

with Ardintoul rickettsiae were very similar, probably identical, the dominant 

polypeptides being of MW approximately 80k, 70k, 55k, 50k and 20k, with at least a 

further 10 minor bands evident (Figure 43 ). 

SDS-PAGE and immunoblotting were repeated with purified Ardintoul agent (Figure 

44). Although not as clear as the previous gel the dominant bands recognised by 

antiserum were of MW approximately 70kd, 50kd and 20kd. 
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Figure 43 SDS-PACIE and Immunoblotting 
On the left; Coomassic stained SDS-PAGE gel of Lininfected and infected XTC and 
CHSE cells with the Ardintoul agent. 
Lane I SDS-PAGE Molecular weight markers 
Lane 2 Uninfected control XTC cells 
Lane 3 Infected XTC cells with Ardintoul 
Lane 4 Uninfected control CHSE cells 
Lane 5 Infected CHSE cells with Ardintoul 
In the centre and right are the sarne samples transferred and blotted with anti-P. 
salmonis antisera, 8 months post- in fection (centre) and pre-blecd sample (right). 
Immunodominant bands of approx. 80 k, 70k, 55k, 50k and 20k are present in the 
infected samples with 8 months post-infection sera. 
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45 kDa - 
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24 kDa - 

Figure 44 SDS-PAGE and Immunoblotting 
Comparison of Coornassie stained SDS-PAGE gel ofpunfied Ardintoul bacterlaand 
the corresponding profile when probed with anti-P. salmonis sera. Major protein 
bands of approximately 70 kDa, 50 kDa and 20 kDa are recognised by the anti-sera. 
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DISCUSSION 
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The aims of this thesis were to purify P. salmonis for preparation of DNA, to prepare a 

recombinant library in a phage lambda vector and to characterise the library. 

5.1 Growth of P. salmonis in cell cultures 

To fulfil these aims it was necessary to grow the organism on a large enough scale to 

obtain sufficient purified bacteria for further manipulations. As rickettsiae had not been 

grown previously in this laboratory it was also necessary to confirm the culture 

characteristics of the organism and to determine the optimal conditions for growth. 

Growth of rickettsial isolates from Chile was obtained in CHSE-214 and RTG-2 cells 

once these had been cultured in antibiotic free media. Residual antibiotics in the tissue 

culture cells affected growth of P. salmonis and it took 3 cell passages to remove 

antibiotics and allow successful cultivation of P. salmonis LF89. The CHSE cells were 

not fastidious in their culture requirements and growth was supported by a range of 

media (results not shown). The optimum temperature for growth of P. salmonis in cell 

culture was reported by Fryer et al., (1990) to be within the range 15-180C, and here, 

good replication was found at 170C, but not at 200C, thus confirming the observations 

of Fryer. 

Initially, infection was monitored by light microscopy and P. salmonis LF89 was 

readily visible within intracytoplasmic vacuoles in CHSE cells. At lower magnification, 

discrete foci of infection were observed in both CHSE-214 and RTG-2 cells, in which 

cells became rounded and then detached from the monolayer as seen in viral plaque 

assays. Again, this was consistent with the published literature (Fryer et al, 1990). 

Rounded cells and vacuoles were apparent within 5 days when a high inoculum was 

used and the cytoplasmic vacuoles increased in size until the nucleus was pushed to the 

side of the cell. This was clearly seen by Giemsa staining (Figure 6), and the organisms 

displayed the characteristics of P. salmonis, in size, morphology and growth within 

cytoplasmic vacuoles, e. g. Gram negative coccoid organism. 

P. salmonis has been isolated from a range of salmon species, including Coho 

salmon, Oncorhynchus kisutch (Walbaum), (Garces et al., 199 1), Chinook salmon, 

Oncorhynchus tshawytscha (Walbaum), Atlantic salmon, Salmo salar L. and 
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Rainbow trout, Oncorhynchus mykiss (Walbaum)( Fryer et al., 1992). Subsequent to 

the isolations from salmonids in sea water, reports soon followed of the isolation of P. 

salmonis from diseased rainbow trout and Coho salmon in freshwater (Bravo et al., 

1994; Gaggero et al., 1995). The isolation of this organism at freshwater and sea water 

sites, and in a wide range of salmon species highlights the importance of this organism 

as an emerging pathogen of salmon (Fryer & Mauel, 1997). The organism is not 

geographically restricted, as isolates have subsequently been reported from a range of 

distant locations including Canada (Brocklebank et al., 1992), Ireland (Rodger & 

Drinan 1993; Palmer, 1997), Norway (Olsen et al 1993) and Scotland (Grant et al., 

1996). 

A salmonis has been successfully cultivated in several fish cell lines, namely 

CHSE-214, (ATCC CRL 1681); RTG-2 (ATCC CCL 55); EPC, originating from 

Common Carp; CSE-119, Coho salmon embryo; CHH-1 from Chum salmon and 

FHM, Fathead Minnow. Initial attempts to culture the agent in BB cells, originating 

from Brown Bullhead, Ictalurus nebubsus (Lesuesur) (ATCC CCL 91) and BF-2 

B luegill Lepomis macrochirus Rafinesque were unsuccessful (Cvitanich et al., 199 1), 

but growth in these cell lines was recently reported by Almendras et al., (1997), 

higlýlighting the apparently widespread infectivity of A salmonis . Isolation of the 

organism from natural infections in an ever increasing number of fish species, its ready 

growth in many fish cell lines and the diversity of strains isolated suggests either that 

the organism Yias unknown species of fish as its natural host, or that it readily adapts to 

infect a range of species of fish. These are questions which should be addressed in the 

near future. 

There is no evidence to date for maintenance of the organism in mammalian cell 

lines and this was not achieved in this study. The inability to grow in mammalian cell 

cultures is probably due to temperature requirements, as most such cell lines grow 

optimally at 370C and not at all below 300C. P. salmonis cannot be grown at 

temperatures greater than 200C. However, this study has shown for the first time the 

growth of P. salmonis LF89 in a cell line not derived from fish. XTC cells, which is a 
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frog-derived cell line, suppqrted growth of the organism within intracytoplasmic 

vacuoles and to high concentration. This indicates a possibly wider range of hosts 

which might be susceptible, and it is worth testing whether P. salmonis is able to 

replicate in insect cells, and that invertebrates could act as vectors, as with other 

rickettsiae. Published evidence on the vector theory indicates the role of sea lice as the 

alternative to the terrestrial arthropod in rickettsial infections, as (Cvitanich et A, 199 1) 

found sea lice on a number of P. salmonis infected salmon, although this was only a 

small number of the total salmon infected with the disease. Other reports suggest that 

the bacteria are ingested in the natural diet. However, the recent demonstration by P. 

Smith (Santiago, Chile; AFS Meeting, Baltimore 1998) that salmon could be infected 

by placing on the skin (gills) for only a few minutes a small piece of filter paper soaked 

in rickettsia suggests that direct transmission via the water, with possible entry though 

an abrasion or superficial lesion is highly probable. As yet, there are no reports of the 

disease occurring naturally in wild salmon. 

P. salmonis infected CHSE-214 cells employed in this study seemed to display long 

extensions between infected cells; these were only apparent at the end of infection, 

before complete lysis of the monolayer. It is not known whether they were due to cell 

degradation or a phenomenon caused by the infection process. Evidence of movement 

within cells and between cells of infected rickettsia has been published by Teysseire et 

al., (1992) who showed evidence of actin polymerisation in R. conorii and R. typhi. 

To evaluate whether these cellular extensions were composed of actin the bacteria could 

be stained by immunofluorescence, and actin labelled and detected by phallacidin 

Heinzen et al., 1993). 

During infection of CHSE cells P. salmonis tended to burst from the cells due to the 

increase in size of the vacuoles which burst leading to death of the cells. When viewed 

by electron microscopy burst cells show signs of apoptosis, as shown by the presence 

of cellular debris surrounding bacteria. Phospholipase A2 has been postulated to be 

involved in the entry and exit of R. prowazekii and R. rickettsii into and from cells 

(Winkler & Daugherty, 1989). Walker et al., (1984) added the phospholipase inhibitor 
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phentermine, to agarose overlays of R. rickettsii-infected Vero cells and chick embryo 

fibroblasts, and this reduced the number of plaques formed in the cell monolayer. To 

determine whether the phospholipase activity was rickettsial or cellular in origin, 

Silverman et al., (1992) used an alternative phospholipase inhibitor, p- 

bromophenacylbrorfiide, on both cells and rickettsia and concluded that the 

phospholipase was rickettsial in origin. Similar experiments would be of interest to 

determine whether phospholipase has any role in P. salmonis infections. 

5.2 Macrophage Infectivity Potentiator MIP 

Early in the course of this study Cianciotto et al., (1995) produced evidence for mip 

-like sequences and Mip-related proteins in the family Rickettsiaceae. Mip, a virulence 

factor of Legionella sp., is a 24 kDa surface protein necessary for the intracellular 

infection of Legionella pneumophila (Cianciotto et al., 1990; Cianciotto & Fields, 

1992). There is a high degree of conservation of the mip gene among the 14 

serogroups of L pneumophila (Cianciotto et al., 1990) and other Legionella species. 

For example, Bangsborg et al., (199 1)"showed that the mip gene of L micdadei has 

71% homology with the equivalent gene of L pneumophila, and that the predicted 

secondary structures for each were very similar. Analysis of mip sequences from L. 

pneumophila and L micdadei revealed homology to FK506 binding proteins at their 

C-terminus. FK506 binding proteins are found in a number of eukaryotic organisms; 

they are immunophilins and possess peptidyl-prolyl cis/trans isomerase activity, which 

catalyses the isomerisation of prolyl bonds in proteins in vitro, reviewed by Hacker & 

Fischer, 1993; in which the study showed peptidyl-prolyl cis/trans isomerase activity 

was coded for by the mip gene, suggesting that a role for the Mip protein in modifying 

bacterial cell surfaces, thus enhancing entry and, therefore, intracellular survival. 

Further support for this theory was obtained by preparation of a mip mutant of L. 

pneumophila ( Cianciotto et al., 1990) which had reduced virulence for U937 cells, 

explanted human macrophages and guinea pigs. Therefore, a role for Mip in the 

internalisation of bacteria into host cells has been postulated. Hacker and Fischer 

(1993) showed that mip-like sequences were present in the genomes of Chlamydia 
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trachomatis, Neisseria meningitidis, Coxiella bumedi and Pseudomnas aeruginosa. 

The mip-like ýequences detected by Cianciotto et al., in 1995 were from C. burnedi 

and Rochalimea quintana and were detected under low stringency conditions using 

mip-probes prepared from L pneumophila and L micdadei. Mip-related proteins were 

detected in the following Rickettsiaceae using both monoclonal and polyclonal antisera 

to Mip; C. burnetii, Rochalimea quintana, Rochalimaea vinsonii, R. australis, R. 

canada, R. conorii, R. montana, R. parkerii, R. prowazekii, R. rickettsii, R. typhi and 

Ehrlichia sennetsu. The C. bumetii Mip protein was cloned by Mo & Cianciotto (1995) 

and exhibited 46% similarity to Mip of L pneumophila and 30% with C. trachomatis 

Mip, which had been identified by Lundemose et al. (1992). The C-terminus of C. 

burnedi Mip showed 35% similarity to eukaryotic FKBPs, similar to the Mip of L. 

pneumophila. The above evidence for the existence of Mip in the Rickettsiaceae 

stimulated attempts in this work to investigate the possible existence of Mip in P. 

salmonis for a number of reasons; firstly, due to the relatedness of P. salmonis to C 

burnetii and L pneumophila as demonstrated by l6SrRNA analysis (Figure 1), 

secondly, because all three organisms are intracellular pathogens and can infect 

macrophages, and thirdly, because it appears to be an important virulence factor. The 

L. pneumophila mip gene sequence published by Engleberg et al. (1989) was used to 

construct a probe for the L. pneumophila mip gene. Although the DNA sequence was 

not determined, from the size of the PCR-amplified gene product, its restriction enzyme 

digest pattern, and the strong reactivity of a DIG-labelled mip probe with L. 

pneumophila DNA it was considered that it did represent the mip gene. 

5.3 Purification of rickettisae from cell cultures 

Published procedures for separation of human-pathogenic rickettsiae from host cell 

components is usually based on the method of Wisseman (195 1) (cited by Weiss et al. 

1975), which allowed the preservation of the biological properties of the bacteria. 

Typically, this involves differential centrifugation followed by density gradient 

centrifugation, some groups used Renografin for density gradients (Weiss et al., 

1975), and others preferring a sucrose cushion (Aniskovich et al., 1989; Eremeeva et 
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al., 1993). Differential centrifugation is used to remove the larger host cell debris from 

the bacteria, which are then separated from smaller cell fragments and molecules on a 

density gradient. As Percoll was used routinely in this laboratory for density gradient 

separation of cells the above methods were successfully modified to separate P. 

salmonis from fish cells. A slightly different version was also used by (Kuzyk et al., 

1996) for the same purpose, with similar results. 

5.4 Construction of a XExCell/ P. salmonis LF-89 library 

The purpose of preparing a genon-& library of P. salmonis was as a first step in using 

molecular techniques to identify putative protective antigens of P. salmonis, through 

screening with antisera. or oligonucleotide probes. This approach has been used in the 

past to identify antigens of numerous pathogens, including rickettsiae (Emelyanov et 

al., 1993). There is little published work on genetic manipulation in rickettsiae, 

although a small number of genomic libraries have been created. The most commonly 

used vector appears to be %gt 11, used by Uchiyama et al., (1996) to create a genomic 

library in R. japonica. Other libraries constructed in XgtI I include R. prowazekii 

(Emelyanov et al., 1993), R. conorii (Schuenke & Walker 1994), R. tsutsugamushi 

(Hickman, 1991) and R. typhi (Hahn et al., 1993). The vector %ZapII was used by 

Brayton et al., (1997) and Gilmore et al., (199 1) who constructed genomic expression 

libraries of Cowdria ruminantium and R. rickettsii, respectively. The X vector ExCell 

was chosen as it appeared to have the additional advantage of containing a phagemid 

containing the insert genomic DNA that could be released and manipulated as a 

plasmid. This would simplify the task of identifying insert sizes in the recombinant 

library, releasing them via the EcoRI cloning site, and facilitating subcloning. From the 

literature the vector did not appear to have been used for rickettsial libraries but was 

sim ilar in design to %ZaplI. 

5.5 Analysis of the XExCell P. salmonis library 

An estimated 20 ng of rickettsial DNA was used in construction of the library, 

compared with the 70 ng used by Emelyanov et al., (1993) in construction of a 

rickettsial library in Xgtl 1. Although this is low in comparison with libraries prepared 
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for most bacteria the number of recombinants/ gg DNA was consistent with the data 

published for the rickettsial libraries described above (see Table 8), and the library 

initially appeared to be satisfactory. However, problems were encountered in release of 

phagemid, s but once this had been overcome it did not prove possible to release insert 

DNA by digestion with EcoRL Various procedures were tested to eliminate possible 

contamination by nucleases and other enzymes but to no avail. Eventually, inserts were 

released from a small number of phagemids using enzymes which flanked the EcoRI 

cloning site. 

Although XExCell will accept inserts of up to 6kb the inserts detected were mainly 

small in size, and many 'white' plaques appeared to have no insert or one which was 

extremely small. More importantly, sequence analysis of inserts showed the absence of 

an intact EcoRI site, explaining the inability to release inserts with EcoRI In the 

sequences determined here, the expected EcoRI recognition sequence, GAATTC, was 

replaced with GCGTTC or CCATTC. Correct incorporation of an insert should lead to 

two EcoRI sites flanking the insert, yet no sites were found in the recombinants 

analysed. This suggests that these phages were either part of the 'background' present 

in the library or resulted from rearrangement events at the cloning site. It is possible that 

the usre of such a low amount of rickettsial DNA in preparation of the library, and thus 

production of a relatively small number of recombinants, rendered the background 

phage in XExCell much more prominent than would normally occur. 

Sequence analysis also revealed that all the inserts investigated seemed to be of E. coli 

origin as extremely high identity was recorded with E. coli database sequences. The 

entire E. coli genome has been determined (Blattner et aL, 1997), but few rickettsial 

sequences have been recorded. It could be argued that most rickettsial sequences would 

share features with those of other bacteria, and since the entire E. coli genome is 

known one would expect similarities to E. coli sequences to be recorded. 

However, the degree of identity was so high that it must be concluded that the inserts 

were E. coli DNA. 
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A recent publication by Jha et aL, (1997) reported the occurrence of E. coli sequences 

in their plasmid vector whilst subcloning troponinI cDNA. They postulated that some 

sort of rearrangement event had taken place. Investigation into these suspect clones by 

sequence analysis showed they mapped to various positions on the E. coli genome 

(Blattner et aL, 1997) namely 64-65 min and 92.8-00.1 min. It is interesting to observe 

that the E. coli sequence similarity that was obtained with the %ExCell/P. salmonis 

clones were within or very close to the above regions. For example rpiA maps to 63 

min and rpiB to 92.85 min, refer to sequencing section. Obviously when libraries are 

constructed investigators are interested in one gene or segment of the genome and the 

remainder of the library is not evaluated. Another interesting observation by Jha was 

the presence in the databases of E. coli sequence within a rat hepatic glutathione 

transporter cDNA sequence. The message from this paper seems to be interpret 

sequence with care. 

5.6 Screening the %ExCell P. salmonis library 

The above discussion indicates why no success was obtained in detection of phages 

which reacted with the probes for 16S rRNA, MIP or immunological screening with 

antisera. Further discussion on screening is contained later for the Ardintoul agent. 

5.7 Characterisation of the P. salmonis Ardintoul isolate 

The occurrence of an outbreak of rickettsiosis in Scotland during this study was in 

many ways fortuitous as it allowed characterisation of the organism and its comparison 

with existing previously described strains. 

The'drganism was isolated at Marine Harvest McConnell laboratories from the brain, 

kidney and spleen of moribund and dead fish which were used to infect cultured CHSE 

cells. The bacteria exhibited typical characteristics of P. salmonis, namely, cytopathic 

effects in infected cells within 7 days, bacteria visible within intracytoplasmic vacuoles, 

susceptibity to antibiotics, Gram-negative coccoid morphology, and an inability to 

grow on conventional bacteriological media. To compare the organism with the LF89 

strain the isolate was cultured in our laboratory. The Ardintoul isolate was cultured 

readily in CHSE and RTG-2 cells and appeared to replicate more efficiently than LF89, 
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giving more rapid lysis of the cell monolayer. Electron microscopy showed an outer 

rippled cell membrane similar to that reported by Fryer et al., (1992) for LF89. The 

Ardintoul isolate appeared possibly slightly larger than LF89, from the scale bars from 

electron micrographs, and viewing by light microscopy. 

Confirmation that LF99 and Ardintoul were related was obtained from the 16S rRNA 

sequence, mainly determined in a separate project but analysed here, with the complete 

sequence shown in Appendix 3. Comparison of this sequence with those in the 

databases shows high identity with recognised P. salmonis isolates, except for strain 

EM-90, for which the sequence reported by Fryer and co-workers is quite distinct from 

other piscirickettsia studied thus far. The base differences are shown in Table 13. 

Mauel et al., 1996 and Fryer and Mauel, 1997 analysed the 16S rRNA sequences of 

isolates from Chile (LF-89, EM-90), Norway (NOR-92) and Canada (ATL 4.91 and 

SLGO-94) and found that strain EM-90 was quite different from other strains which 

were more closely related but still easily distinguishable on the basis of 16S rRNA 

sequence. The Chilean isolates could be distinguished by use of different primers to 

amplify the 16S rRNA sequence in a PCR detection method. The Ardintoul isolate 

-would fall into the LF-89, NOR-92, ATL 4.91, SLGO-94 group in PCR with the 

primers of Mauel et al., (1996) and differed by 8 bases from the SLGO-94 and LF-89 

strains. 

Another interesting observation from sequence comparisons is the relatedness of the P. 

salmonis isolates to endosymbiotic bacteria, some of which - Ridgeia piscesae, Riftia 

pachyptila and Lanfellibranchia columna endosymbionts -recorded higher similarity 

scores than some P. salmonis isolates (Table 12). These bacteria are associated with 

animals residing near hydrothermal vents, and a closer comparison of these micro- 

organisms with rickettsiae, including culture studies with poikilothermic tissue culture 

cell lines would be of interest in confirming possible evolutionary links between these 

organisms, and suggesting a possible origin for the fish-pathogenic rickettsia which 

should be explored. The stability of piscirickettsiae in sea water (Lannan & Fryer 1994) 

for several weeks means that transmission could occur via water over considerable 
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distances. Rickettsia and RLO have been recorded in many fish and invertebrates (see 

Section 1) and they should also, where possible, be included in such comparisons. 

5.8 Construction of XFix11/ P. salmonis library 

Due to the failure of the first genomic library for P. salmonis LF-89 it was decided to 

attempt construction of a library for further molecular analysis of the Ardintoul agent as 

this appeared to be more readily grown in large quantities. Several litres of infected 

culture fluid were produced and bacteria purified by Percoll gradient centrifugation. 

Extraction of DNA proved difficult from this strain as it resulted in an insoluble 

product, considered to be possibly due to co-extraction of LPS with the DNA.. The use 

of CTAB to extract LPS and oligosaccharides appeared to overcome this problem. The 

difference between strain LF-89 and Ardintoul in this respect may be due to production 

of greater quantities of LPS or oligosaccharides by the Ardintoul agent. It should be 

noted that human-pathogenic rickettsiae may produce slime layers which differ in 

thickness according to the state of nutrition of their host ticks, as mentioned in the 

introduction and differences in metabolism may lead to differences between 

piscirickettsiae. 

Lambda FixOII (Stratagene) is a replacement vector suitable for cloning fragments of 

genomic DNA of between 9 and 23kb, and the resultant recombinant X clones can be 

purified and the insert released from the vector DNA by Noff digestion. This 

represents a different approach to the use of %ExCell and screening is effectively with 

nucleic acid probes only. The aim was to construct a good library from P. salmonis 

DNA, then to analyse purified rickettsia by SDS-PAGE such that N-terminal 

sequencing of relevant proteins could be carried out and probes constructed for use 

with the library. 

The XFIXII library appeared to contain an adequate number of recombinants for 

comprehensive coverage of the P. salmonis genome, and random screening showed 

the presence of inserts of 4 to 9kb. More recent work (T. H. Birkbeck, data not shown) 

has detected inserts of up to l6kb, and as the inserts can be released with NotI it 

suggests that a library may have been produced which is suitable for further work. 
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5.9 Screeiting of the XFIXII library 

The DIG-labelled 16S rRNA probe was based on the 16S rRNA gene sequence of 

strain LF89 but its use in screening the library led only to the production of false 

positive results. This can be explained since the 16S rRNA gene of E. coli will show a 

high degree of relatedness to that of P. salmonis and hybridisation almost certainly 

occurred to E. coli chromosomal DNA, present in high concentration on phage assay 

plates. Once the stringency was increased in hybridisation reactions the interaction was 

no longer seen. Further confirmation came from the perceived lack of an EcoRI site in 

the PCR product, characteristic of E. coli, and not P. salmonis. To overcome this 

problem specific P. salmonis 16S rRNA gene primers should be used, perhaps based 

on the sequences identified by Mauel et al., (1996). 

Use of the MIP gene probe also led to false positive results, and more detailed work is 

needed to determine whether P. salmonis does contain a homologue of the mip gene. 

This could use a PCR approach with primers based on the sequences of the different 

mip genes published more recently. 

5.10 Preparation and analysis of antisera to P. salmonis Ardintoul 

Ideally, the preparation of antisera would have taken place early in the project to 

provide large supplies of good quality product for immunoblotting and screening. 

However, early batches of purified bacteria were committed to production of DNA for 

library preparation and it was only later in the project that antiserum became available. 

The purity of the bacteria obtained from Percoll gradients is shown by the low reactivity 

of antisera. in immunoblotting with extracts of the CHSE host cells in comparison with 

the high reactivity with P. salmonis-infected CHSE or XTC cells. 

ELISA revealed a rising antibody titre to the CHSE- and XTC-infected cells with 

repeated immunisation but there was a residual, non-specific background reactivity with 

cellular antigens, both to XTC and CHSE cells. 

Immunoblotting revealed at least 15 polypeptides which reacted with immune serum, 

the dominant bands being of MW c. 80k, 70k, 55k, 50k and 20k. Antigenic 

characterisation of P. salmonis was reported recently by Kuzyk et al., (1996) who 
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noted the presence of polypeptides of MW 65k, 60k, 54k, 51k, and carbohydrate 

antigens of 16k and Ilk, the latter being attributed to lipopolysaccharide. Given the 

differences between SDS-PAGE systems there is reasonable agreement between these 

studies. The main difference evident in immunoblotting is the dominance of the MW 
I 

70k antigen in eliciting an immune response to P. salmonis Ardintoul. 

Preliminary data was obtained for analysis of purified Ardintoul agent (Figure 37) and, 

although not as clear as results with infected cell cultures, dominant polypeptide bands 

of MW approximately 70kd, 50kd and 20kd were recognised by antiserum, as in 

infected cells. The 70kDa antigen of P. salmonis appeared to be immunodominant in 

stimulating the sheep immune response, as the relevant polypeptide was not evident 

above the background cellular material on SDS-PAGE (Figures 43 & 44), and this 

antigen could provide a primary target for future library screening. 

The other method of use of the antiserum was in indirect immunofluorescence, in 

which rickettsia in smears from infected tissue cultures were readily stained by anti-P. 

salmonis antiserum and FITC-labelled second antibody. Further development is 

required to test this antiserum in IFAT for routine diagnosis and in establishing the 

distribution of organisms in infected fish (Grant et al., 1996). 

I- 

5.11 General conclusions and future work 

The continued prevalence of P. salmonis as a pathogen in Chilean waters and of related 

rickettisae from several geographically distinct regions in the Northern hemisphere 

suggest that - these organisms are truly seriowi; ýdmerging pathogens (Fryer and Mauel, 

1997) with the potential to cause severe losses in aquaculture. Many aspects of P. 

salmonis require more detailed study, particularly the origin and natural hosts of the 

organisms, their virulence determinants, and antigenic structure of the surface 

components. In particular, there is an important need for development of an effective 

vaccine. 

The route chosen in this study (and others) towards the development of a vaccine 

recognises that it is likely to prove impossible to grow, in tissue culture cells, sufficient 
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quantities of bacteria for production of vaccines, and that a recombinant approach is 

required. The phncipal targets for such an approach are the outer membrane proteins in 

the expectation that all or part of such proteins, expressed from plasmids in E. coli, or 

other systems, will induce opsonising antibodies or cellular immunity. If effective 

opsonising antibodies are directed against polysaccharide antigens, e. g. 

lipopolysaccharide, then a different approach will be required. The antiserum raised in 

this work reacts strongly with several polypeptides of P. salmonis and should prove 

the basis for screening expression libraries prepared from P. salmonis DNA. Two 

approaches could be considered. Firstly, preparation of sufficient purified bacteria, 

solubilisation of outer membrane proteins and analysis by SDS-PAGE should yield 

sufficient 70kDa protein (assuming that the 70kDa polypeptide is an outer membrane 

protein) for N-terminal sequence determination and preparation of a suitable 

oligonucleotide probe for screening the current ? XixH library. Secondly, the possibility 

of transferring the library to an expression vector, or preparing a further library in an 

expression vector should be considered. 

, ýi 
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APPENDIX I 

Composition of media, buffers and solutions 

The following recipes are for broth cultures. For agar plates 1.5g/L of technical agar 

(Oxoid L13 agar No. 3) was added. Sterilisation was by autoclaving at 1210C for 15 

min unless stated otherwise. 

LB Medium g/L 

Tryptone (Bacto) 10 

Yeast extract 5 

NaCl 10 

Adjust to pH 7 

To prepare Top Agarose for use in phage plaque assays add 0.7g/ 100 ml of molecular 

biology grade agarose. 

SOC Medium g/L 

Tryptone 20 

Yeast extract 5 

NaCl (10 mm) 0.585 

KCI (2.5 rnM) 0.186 

Glucose (20 mM) 3.6 

M902 (10 mM) 0.952 

MgS04 (10 mM) 1.204 

M9 Minimal Medium 

5x M9 salts solution 200 ml 

20% glucose 20 ml 

IM MgSO4 2 ml 

IM CaC12 0.1 ml 

Make up to IL with dH20. 
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1OX M9 Salts Solution 

Na2HP04.7H20 

KH2PO4 

NaCl 

NH4Cl 

The salts are dissolved in 11 

64g 

15g 

2.5g 

5g 

of dH20, divided into 200 ml aliquots and sterilised by 

autoclaving. 

The MgSO4 and CaC12 solutions are prepared separately and autoclaved before 

addition to diluted 5x M9 salts solution. Glucose should be sterilised by filtration 

before it is added to the diluted M9 salts solution. 

NZCYM MEDIUM 

NZ arnine (casein hydrolysate : ICN phan-naceuticals) log 

NaCl 5g 

Yeast extract 5g 

Casamino acids Ig 

MgS04.7H20 2g 

Sterilise by autoclaving and store at room temperature. 

2x YT BROTH 

tryptone 16g 

yeast extract log 

NaCl 5g 

Make up to 1L with dH20 and shake until dissolved. Autoclave to sterilise. 
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SOC medium 

tryptone 20 g 

yeast extract 5g 

NaCI 0.5 g 

250 mM KCI 10 ml 

Mix until dissolved and adjust to 1L with dH20- Sterilise by autoclaving then add 5 rffl 
2M M902 and 20 ml IM Glucose. 

TE (Tris. EDTA ) pH7.4 

10 mM Tris. HCI (pH 7.4) 

1 mM EDTA (pH 8.0) 

TE pH 7.6 and TE pH $-0 were prepared similarly using lOmM Tris. HCI 

solutions of appropriate pH. 

TBE (Tris Borate EDTA Buffer) 

Prepare a IN stock and dilute 1/10 with dH20 to prepare a working solution. 

lOx stock TBE 9/L 

Tris 108 g 

Boric acid 55 g 

0.5 M EDTA (pH 8.0) 40 " 

SM buffer 

NaCl 5.8 g 

MgS04.71120 2g 

Dissolve in 900 mls of dH20 

Add 50 ml 1M Tris. HCI (pH 7.5) and 5 ml 2% gelatin 

Sterilise by autoclaving and store at room temperature. 
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0.5 M EDTA pH 8.0 

186.1 g of disodiurn ethylenediaminetetraacetate. 2H20 added to 800 ml of dH20, 

stirred vigorously on a magnetic stiffer before adjusting the pH to 8.0 with NaOH (this 

requires approx. 20 g of pellets). Dispensed into aliquots and sterilised by autoclaving. 

Isopropylthio-b-D-galactoside (IPTG) 

2g of IPTG was dissolved in 8 ml of dH20, the volume was adjusted to 10 ml and the 

solution sterilised by filtration through a 0.22 gm disposable filter. The solution was 

dispensed into I ml aliquots and stored at -20*C. 

Phosphate Buffered Saline (PBS ) 

NaCl 8g 

KCI 0.2 g 

Na2HP04 1.44 g 

KH2PO4 0.24 g 

Dissolve in 800 ml of dH20, adjust the pH to 7.4 with HCI and make up to IL with 

dH20. The solution was dispensed into aliquots, sterilised by autoclaving and stored at 

room temperature. 

Proteinase K 

A stock solution of 20 mg/ml was prepared for use at a final concentration of 20 gg/ml. 

Lysozyme 

A stock solution of 50 mg/ml was prepared in dH20, dispensed into small aliquots and 

stored at -20*C. After thawing for use, any surplus is discarded. 

RNase (DNase-free) 

RNase A was dissolved in 0.01 M sodium acetate solution (pH 5.2) at a concentration 

of 10 mg/ml, heated to I 00*C for 15 min and cooled slowly to room temperature. The 
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pH is adjusted by addition of 0.1 vol. of IM Tris. HCl (pH7.4), the solution dispensed 

into aliquots and stored at -20*C 

Digestion Buffer for isolation of Legionella pneumophila DNA 

100 mM Tris. HCI 

1 mM EDTA pH 8.5 

2% Laureth 10 

400 mg Proteinase K/ ml 

Sepahaglas reagents 

N. B. complete formulae are not given by the manufacturer. 

Sephaglas : Sephaglas BP suspended in a solution of Nal Tris. HCI 

Gel Solubilizer : Solution of NaI buffered with Tris. HCI 

Elution Buffer: 10 mM Tris. HCI (pH8.0), 0.1 mM EDTA 

Wash Buffer : Buffered salt solution with EtOH 

SOLUTIONS REQUIRED FOR IMMUNOBLOTTING 

Tris Buffered Saline TBS pH7.5 

NaCl 29.22 g 

Tris 2.42 g 

Add dH20 tO IL and sterilise by autoclaving. 

TTS (Tris Tween Solution) 

To IL of sterile TBS add 0.5 ml of Tween 20 

Colour Development Solution 

4-chloro- 1 -napthol 60 mg 

Methanol 20 n-fl 
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H202 0.06 ml 

Make up to 100 ml with sterile TBS. 

SOLUTIONS REQUIRED FOR PLASMID PREPARATIONS 

Kado and Liu alkaline lysis buffer 

Tris 0.303g 

SDS 1.5g 

H20 70 n-d 

Adjust to pH 12.4 by addition of IN NaOH and make up to 100 ml with dH20- 

PROMEGA Wizard Miniprep Buffers 

Cell Resuspension Solution 

50 mM Tris. HCI pl-17.5 

10 mM EDTA 

100 mg/ml RNase A 

Cell Lysis Solution :IM NaOH, 1% SDS 

Neutralization solution : 1.32M potassium acetate 

Column Wash Solution (concentration prior to EtOH addition) 

200 mM NaCl 

20 mM Tris. HCI pl-17.5 

5 mM EDTA 

Dilute with 95% ethanol. Final ethanol concentration should be approx. 55% 

Wizard Plus SV Cell Resuspension Solution 

50 mM Tris-HCI, pH 7.5 

10 mM EDTA 

100 mg/ml RNase A 
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Wizard Plus SV Cell Lysis Solution 

IM NaOH 

1% SDS 

Wizard Plus SV Neutralization Solution 

IM Guanidine hydrochloride 

0.759 M Potassium acetate 

IM Glacial acetic acid 

Final pH is approximately 4.2. 

Wizard Plus SV Column Wash Solution 

1 mM Potassium acetate 

27.1 mM Tris-HCI, pH 7.5 

SOLUTIONS REQUIRED FOR SOUTHERN BLOTTING 

20 X SSC per L 

NaCl 175.3 g 

Sodium citrate 88.2 g 

Add 800 ml of dH20 and adjust the pH to 7.0 by careful addition of a few drops of 

ION NaOH. Adjust the volume to IL with dH20, dispense into aliquots and sterilis by 

autoclaving. 

10 % Sodium dodecyl sulphate (SDS) 

100g of electrophoresis grade SDS was dissolved in 900 ml dH20 and heated to 68*C 

to aid dissolution. The pH was adjusted to 7.2 by addition of dilute HCI, the volume 

adjusted to 1L with dH20 and the solution dispensed into aliquots. 

Southern blotting denaturation solution 

IM NaCl 

0.5 M NaOH 
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Southern blotting neutralisation solution 

IM Tris. HCI 

1.5 M NaCl pH 8.0 

SOLUTIONS REQUIRED FOR CONSTRUCTION AND 

MANIPULATION OF THE LAMBDA FIXII LIBRARY 

10 x STE 

IM NaCl 

200 mM Tris. HCI 9pH 7.5) 

100 mM EDTA 

10 x Fill-in Buffer 

60 mM Tris. HCI 9pH8.0) 

60 mM NaCl 

60 mM M902 

0.5% gelatin 

10 mM DTT 

STRATAGENE Denaturing Solution 

1.5 M NaCl 

0.5 M NaOH 

STRATAGENE Neutralisation Solution 

1.5 M NaCL 

0.5 M Tris. HCI (pH 8.0) 

STRATAGENE Rinse Solution 

0.2 M Tris. HCI (pH 7.5) 

2xSSC 
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SOLUTIONS REQUIRED FOR DIG HYBRIDISATIONS 

DIG Prehybridisation Solution 

5x SSC 

I% blocking solution 

0.1 % N-Iauroylsarcosine 

0.02% SDS 

DIG Hybridisation solution 

As in prehybridisation with DIG-labelled probe. 

DIG Maleic Acid Buffer 

0.1 M Maleic acid 

0.15 M NaC1 pH 7.5 

DIG Wash Buffer 

0.1 M Maleic acid 

0.15 M NaC1 pH 7.5 

0.3clo Tween-20 

DIG Detection Buffer 

0.1 M Tris. HCI 

0.1 M NaC1 

50 MM M9C12 PH 9.5 

DIG Salt stringency wash solutions 

2x SSC, 0.1% SDS 

0.1 x SSC, 0.1% SDS 

SOLUTIONS REQUIRED FOR MANUAL SEQUENCING 

10% Ammonium Persulphate 

0.1 g of ammonium persulphate added to I ml of dH20. The solution must be prepared 

freshly when required. 
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SOLUTIONS FOR TISSUE CULTURE 

MEM 

Minimum Essential Media with Earles, w/o Glutamine. and the addition of 10% FCS 

and 1% L-Glutarnine. 
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APPENDIX 2 

ag27 electrophoetogram 

The pExCell MCS lines up with ag27 at nt. 2153-2109. The EcoRI site is visibly 

absent. 
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APPENDIX 3 
!! M-MZL= 1.0 fran tbb by disc 24.8.98 
a=U6sfinseq Length: 1537 Alxjust 24,1998 18: 40 Type: N Check: 9812 .. 

1 AGAGrrIGAT CCIGXICýG ATIGAA= GgMa= TDýACACAIG 
51 CAAM03W Wýý CML== AGATGCIG? C GNGT=A 

101 033MAGM A03MM3ak ATrIAO= IA=333M TAACrITAG3 
151 AAACIGAAGC TAATA033M TAAGACCIGN G3=AAPCA G330M= 
201 ATAMV= MGM3MG ATGAGDO= GrIGGk= CIAGMUM 
251 G33rAAAG3C TrACMAG30 GACGAa= AGCIGM= AGAG; ATG3C 
301 CAGOCACACr G3CACIGWA CACMOO: MG ACIOMLM GA03MOO)G 
351 7M33AAMAT TMACAMM G333AA= GA=AOM MCCAO= 
401 GIGAAGAAGG. 0: 7ýý GIAAAG= MPL333333 AGGAAGgM 
451 GC7ýý ACM3= ATIGAO= CCTWAGAAG AAGMX33X 
501 TAA== OZ)GZftA3= 033MATAM GAG33IGOM GMrIAAT03 
551 MAIM= GOMAAAGJ. - C33MA= GAAaU7AW 7ICaATGrG? L 
601 AATCX. AGCr, C7CAAO= GAACIGZA= 03AAACTGOT A7n7AGAGT 
651 AaGGOGAM AAAMGSAM TICAGgIGM G339IGAAAT G33TAG= 
701 77GAA03AAC A0333IGTr. AA0303AM TrIW-Z=AA TACIMCý 
751 GAMMOSAA AGCATG= GUSAA=A TTAGAMk= T03n)G= 
801 TG=MAAC GATGTCAACT AGCOMGM TIOCCrIGPO GAGrITAGIG 
851 033IAGCM 03=AAM TGA033= G33AGMM C03CAA= 
901 AAAACMM GMATIGAM GM30003M CAAGC33= AMMIMOM 
951 7M%ATI= GMAMOMA GAA00MM 7GOICTICAC A7CLMAGAA 

1001 I=MW A7GO33AAGr GOC7ý G: ý. ý AGIIGMGM 
1051 TG3CIG= CAGCIO= Oj=A= M33rMAOr C003MAaA 
1101 GOMM= MAICCITAGr TG=L(= MUG= AACTCZICM 
1151 AGACM= IGAMAACM GAGGAA= G33ACGA03r CAAGIIZATM 
1201 TG303: '= GACO)CX= ACACA03= TACAATG333 03=AGACX; 
1251 GAMOMAX AG03AIGM A003AA= AGAAAGO= 703MG= 
1301 C4=[-P= TGOWMA Cl=ýW rIOXN= VGMkk7MC 
1351 MUM= GIM03= ATA03r= G333=IA CACA003= 
1401 GICACA= G33PA31CAU 7GO)CCAGAA G333ZIAG3C TAACITIA03 
1451 GA0333= PD=3= GMCATGAC T03331GAW 703MkCAM 
1501 G'ZGCOG= G33AAOMM 037103P= OZIO= 
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Appendix 5 

Photocopy of publication 

rhe Veterkuuy Record. AprU 27.1996 

I would also like to suggest that the 
Ministry of Agriculturr- Fuhm*s mW Food 
be disbarided and divided into 'FisheriW, 
'Food and Drop' and 'Agriculture'. as it 
appears that one organization caonot do jus- 
tice to consumers and purchasers at die %am 
tinw, without cotnpromising either one. 

K IL de Q Giles, 77te Surgery. RaLmm 
FkWs, Wincothm Sommerser A49 9HE 

SIP, - It is reassuring to learn that the 
Cavernment intends to resist the pressures 
for extensive slaughter of cattle as a gesuspe 
Of atonement to consumer confidence: 
whether do Eu win penna such mustace 
- IMMOVItam lime who would have us 
speed million convertmg cank Wo smoke, 
slauglifiering living crestures, destroying 
livelihood& and creating amempir)yment in 
the 'good cause' of bowing to market forcm 
sbould consider whether such mums shoum be 
squandered io such caalL 

If it is a marketing Ventus For British beef. 
how does it compare with subsidiging he 

price for a few Tiacks until the next bealth 

pink - (7) braza damp how portable 
PbOMICS (SasallaV 71aw. April 14) - 
die media7 U it is an investmew in public 
hcahh. how does it with a Similar 
expenditure am Mal or nwasive cow wants, 
fine CIM hospitels like Boats, or .. an 
UMPOM &WNW far onore WIPMUM than 
OD? If it goes 'beyond science (that is, to 
die In*IMOMMI). how much blood must be shed 
to placaft disproportionate and misdirected 
few? BW is already vanishing fast. 

If them was a link between wE and a new 
form of CID. which 77he LamM article does 

D04 PMVC. it is a reflection of a Situation 
which exisied several yews ago. not current- 
1Y. Why. after 10 years of BSF- do abattoir 
workers Wern to have escaped CID. exposed 
as they We 10 casual inhatatim ingestion mid 
abrasion - why, instead. am vicars peculiarly 
prominent among the occupational groups 
manifesting dus disease (CPD Surveillance 
Data 1995)? Ille 10 am cans of CID in 

young people (Will and others 1996) sham 
unusual pathology. Tbs #wludes marked 
damase to the bmal sanglia4 a feiture previ- 
ously associated with possible edberence of 
the infective agent to growth hormone or 
other bormones with bypodudamic receptors 
(MarkUS and odmxz IMý although adminis- 
tration of hormones is excluded as a cause in 
dmm Patients- 77w Lancer patients share the 
MCdLiOninc bomozygote at codou 129, as do 
83 per ceist of sporadic CID cams in the UIL 
(Will and others 1996) mid four out of nine 

of iauogcnic CID in the USA and 
Franrxý when= in the ux. four out of seven 
MMWM CID cases were valine bomo. 
zygotes (Brown and others 1992). 

Why have the media encouraged so much 
alaren about beef when die supposed risk. if it 
CRISE16 WIM from Iowa graft carcase prod- 
VC137 Why is there so little awareness that 
Over 90 Per cent of beef herds have never had 
a Case of WE What economic or epidenjo- 
logical can slaughter make in such 
berds? 'Seven eWeeniological studies con- 
dude that alutniniurn in drinking water is & 
risk factor for die expression of the dementia 
ch-cteristic of Alzbeimers dLsease no 
published study has failed to find a statisti. 

cally significant relation between aluminium 
in drinking water and Alzbeimers disease' 
(McLachlan 1991). Where is the fuss? Yet if 
CJD increased 10-fold, it would still only be 
I per cent as likely to offlict beef-eaters (or 
anyone else) as AlzhcinvWs disease. 'fhe 
excess deaths from a single British winter kill 
as many people as 40D yews of CiD. Millions 
night be better spent on warmth for the 
elderly rather than ritual incineration to 
appease exaggerated fears. Above all, nation. 
al responses to perceived dangers should be 
based on authoritative risk assessment, am 
their emotive power and not the purging fires 
of spin-domm witch-doctors or sound-byte 
experts. 

Bob M"elL BrLwrs Cpmge 
59 Brewhouse Hik Wheathampstead. 
ller#b? djNre AL4 MN 

Refer"Im 
BROWN. P.. PREECF, M. A- a WH. J- IL Q (1992) 

Lamar 340.24 
CID SURVEIIIANCE DATA (IM) Crevidim. 

Jakob Dnew Sarvallsoce in dme I* 
Kw$dONL All Amwffil RePwL Nabomal CID 
SMI'MUSOM UNA. Welmrs Infumary. E&mbwo 

McLACMLAN. D. IL (1991) Aidwimm a D. aad 
do Envmmmcm Ed lAnd wabow, Romi Tabk 
Sonm Loodion. Royal Socwty of Mo6cime 

MARKUS. IL S, DUCHEN. L W. PARKIN. 41 M, 
KURM A. B, JACOBS. IL Sý C(=A. D. C. A 
HARROON. M. J. (1992) 0"-ftft jowmd of 
Jfedkýw 12.43 

WIIJ, IL G, IRONSIDF, J, W. ZEIDLER. M. 
FXnBEIRO, K. ALJIEROVrICtt A, POSER, 
S. POCCHIARI, M. A HOFMAN. A. (1996) 

- Laww3#7.921 

SIR. - In my lettex (VR. April 20. p 399) 1 
inconectly attributed a refemmm to the eating 
of beef to Sir Toby Belch in Twelph Nigk. 
The fernark was in fad made by Sir Andrew 
Aguecheeli. 

hiamly KelbWw. Ciamere Cottage. 
Cubnere. rideford, CornwaH PL12 Sju 

Rickettsia-like organism in 
fartned salmon 

SK - We wish to report the of a 
rickettsia-like organism (RLOj fanned 
Adanbc sahnon (Sabw salar) associated 
with acurological signs and mortality. 

Two fallow manne fums m die same 
Scottish loch were each stocked in April 

FIG 1: Rickettsia-like omaxism isolated from 
Atlantic salmon (x 57, OW) 
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1995 with healthy smolts from several fresh 
water sources. In November 1993. when the 
water temperature was 1 I*r_ abnormal 
swimming and skin damage was noted in 
several pens on both fanvis along with an 
increase in mortality. To date. several thou- 
sand fish have been losL Gross pathology in 
affected fish was umentarkable aid the only 
internal change was Wkxkmwgaly. All major 
organs wo sarnpled for known bscurial and 
vind pathogens with negative results. 

Histopathological changes were evident in 
the brain, and in one fish die splem also. 
Associated with areas of encephalitis and 
vasculitis in the brain wes muncrous 
basophific intracellular coccoid bodies which 
stained positive for RNA and weekly positive 
for DNA. Expiants of brain fissue from clini- 
cally affected fish wo culaned on monolay- 
en of antibiotic-five Chinook salmon embryo 
(CHSE) tells and produced a characteristic 
and replicable cytopethic effect within nine 
days at 15*C- '11me organism failed to react in 
a latex agglutination test for PiacinlcLeffsia 
salmonu Electron micrographs of culture 
supernatant revealed clusters of organisms 
within vacuoks inside degenerate CHSE OCIIL 
11M organism is approximately I Pm in 
diamelff with a characteristically rippled 
outer membrane (Fig 1); a cell tuxlergoing 
division can also be seen. 

Culture supernatant was injected into dis- 
case-ftee fish held in tanks supplied with 
sterile fresh water mW held at 12 to 13*C- 
A mortality of 100 per cent was produced 
within 18 days of injection and the organism 
was reisolated from dead fish. it is not known 
whether these fish had exhibited neurological 
signs before death. The organism is unitive 
in vitro to oxytetracycline and oxolinic acid 
but there has been no recunewe to doe of 
significant clinical disease in the field though 
a few affected fish can still be found. 

C-mps and others (19%) have mcently 
reported the isolation of an ItLo from juvenile 
Mediterranean sea-bass associated with neu. 
rolosical sign and high mortality. 
Pi-scirickensia sahnonis is the cause of a mi- 
ous disease of fanned Atlantic and Pacific 
salmon in Chile (Frya aW others I M). mW 
Rodger'and Drinan (1993) have reported an 
RLD in Atlantic salmon in btland. It is likely. 
therefore, dial other rickettsiae Will be found 
in fanned fish and may become significant 
Pathogens under intensive conditions. Further 
investigations we underway to identify fully 
the organism isolated in Scotland and a full 
account of this caw and subsequent studies 
will be submitted for publication in due 
course. 

A. N. Grant, A. G. Brswa, D. L Cox, 
Uarime Harvest McConnell, Farsms Orke, 
Blar Mhor Indmstrial Estate. Fan Williams 
Pflij 7PT 
T. IL B"back. A. A. Griffew, 
Institute ofBwwdical and We Sciences. 
University OfGlasg-. G14-goov G12 OW 

Rderemem 
COMPS. M.. RAYMOND, J. C. A PLASSIART. 

G. K. (1"6ý Bank of Ww Ewvpgm Anwisho" 
. fAA PaAoiftim 16.30 

FRYER. 1. " LANNAN. C. N, GIOVANOKNL S. J. 
& WOOD. N. D. (1992) low, 
Sokmook Awl"dolory 42,12D 

RODGER. H. D. & DRINAM. L M. (M) A-met of Fish Dumms 16,361 

72. ý\ 
M", ) 
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Appendix 6a 

Raw data for Figure I 
PAUP* 
Portable version 4.0. Od55 for Unix 
wed SEp 2 20: 17: 46 1998 

PAvP* is experbnantal in this release. 
Please check Your results carefully! 

Tree descriptim: 

Uuwted tree (s) rooted using outgraLip netbod 
OptiTrality criterim = Irm2mn parsumny 
Character-status simary: 

Of 1588 total characters: 
All characters are of type 'unord, 
All characters have equal weight 
637 characters axe constant 
305 variable characters are parsinyxV-urlinformtive 
Uzdoer of parsizcný-infonnative characters = 646 

Maracter-state cptimizatim: Accelerated transformation (A07nM 
14iltistate tAwca. interpreted as urxxmtainty 

Tree nuaber 1 (rooted using defa 11 t cutgroup) 

Branch lengths and linkages for tree #1 (unrooted) 

Node 
Carrxý 

to node 

Assigned 
branch 
lerrjth 

Idnimn 
possible 

length 

MaKirrin 
possible 

lftvth sirdlarity 

m73219 (1) 41 6 2 10 0.06 
m21290 (2) 41 17 4 20 0.17 

40 41 144 85 153 1.44 
25 40 56 40 95 0.56 
24 25 51 31 72 0.51 

m73221 (3) 24 21 18 23 0.21 
u03777 (4) 24 19 17 27 0.19 
n-60313 (5) 25 52 34 71 0.52 

39 40 69 42 99 0.69 
27 39 87 60 131 0.87 
26 27 11 10 18 0.11 

rr21789 (6) 26 5 5 7 0.05 
u20499 (7) 26 2 2 2 0.02 
m21293 (8) 27 7 3 8 0.07 

38 39 71 23 102 0.71 
29 38 78 39 124 0.78 
28 29 35 20 57 0.35 

n-65249 (9) 28 16 10 36 0.16 
u28268 (10) 28 15 9 21 0.15 
x13695 (11) 29 33 26 52 0.33 

37 38 101 39 135 1.01 
34 37 105 57 160 1.05 
33 34 127 78 151 1. Z7 
32 33 43 22 59 0.43 
31 32 39 20 62 0.39 
30 31 37 25 50 0.37 

e05133 (12) 30 16 10 21 0.16 
u88545 (13) 30 21 16 27 0.21 
n-69292 (14) 31 37 28 48 0.37 
x16895 (16) 32 81 60 114 0.81 
Y60405 (15) 33 50 37 90 0.50 
m21291 (17) 34 140 115 167 1.40 
u59157 (18) 34 123 101 153 1.23 
x6O783 (19) 34 139 113 165 1.39 
m21292 (20) 34 156 138 190 1.56 

36 37 91 28 134 0.91 
35 36 86 33 123 0.86 

w58822 (21) 35 152 113 202 1.52 
, N51601 (22) 35 172 137 216 1.72 
d89067 (23) 36 184 153 264 1.84 

Appendices 193 



Appendix 6b 

Raw data for Figure 33 

Branch 14pngths and linkages for tree #1 (unrooted) 

Connected Branch 
Node to 

-- - 
node length % 

------------------- - -- 
ardl (1) 

---------- 
10 

---------------- 
0.00317 

-------- 
0.31 

9 10 0.00071 0.07 
u55015 (2) 9 0.00158 0.16 

8 9 0.00133 0.13 
u36942 (4) 8 0.00224 0.22 

7 8 0.00102 0.10 
u36915 (5) 7 0.00273 0.27 

u36940 (6) 7 0.01700 1.7 
u36941 (3) 10 0.00009 0.009 

2T 

E 

LMVA 
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