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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 1solated 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 LLF-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 AExCell. The library appeared to contain approximately 1.79 x

> recombinants/\lg DNA, and the recombinant library was screened with rabbit

10
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 EcoRlI, 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). Bacterta were purified from cells and a recombinant library
prepared in AFixIL 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
recégnised at least 15 P. 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 AFixII library for identification of surface-

exposed antigens which could form the basis of future vaccine development.
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Aquaculture 1s a growing industry, with production amounting to an estimated 15
million metric tons 1n 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 VIBRIOSIS
Vibrio ordalii
Renibacterium BACTERIAL KIDNEY DISEASE
salmoninarum

Aeromonas salmonicida FURUNCULOSIS
SEA LICE Lepeophtheirus salmonis
VIRAL Infectious Pancreatic

Necrosis Virus

W

A 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 1n 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).

Chapter One Introduction 3



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 anaemia, 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 pertod 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 1in 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 chlamydial or rickettsial
organism. The organism was confirmed as the aetiological agent of the disease by
fulfilling Koch's postulates (Cvitanich et al., 1991), and the authors suggested the disease
be called Salmonid Rickettsial Septicaecmia (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 anaemia) 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, haematopoietic 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 anaemia associated
with this disease appears to be haemolytic. 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 chlamydial
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 chlamydial antibody, suggesting that the organism does not belong to the order
Chlamydiale (Weiss and Moulder, 1984).

Sections of kidneys, ltvers 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 25°C. 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., 1991).
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. burnetii 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).
LLF-89 has a unique 16S rRNA sequence; along with the temperature requirements, host
range, and serological characteristics this pathogen warrants 1ts 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 al., 1992). Figure 1 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 al., 1984; Plumb and Walk, 1971),

but not in cell-free media.

TABLE 2 Characteristics of Piscirickettsia salmonis

Pleomorphic organisms, predominantly coccoid, diameter 0.5-1.51um

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 microscor

Replication inhibited by antibiotics (chloramphenicol, tetracycline, erythromycin)
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Figure 1 16SrRNA relationship among rickettsia and selected bacteria
Accession numbers of 16STRNA genes from the following bacteria taken from EMBL
databases and their abbreviated codes used in the figure.

Erhlichia sennetsu ES M73219
Erhlichia risticii ER M21290
Erhlichia canis EC M73221
Rickettsia prowazekii RP M21789
Rickettsia typhi RT M?20499
Rickettsia rickettsii RR M21293
Bartonella bacilliformis BB M65249
Coxiella burnetii CB M21291
Piscirickettsia salmonis PS X60783
Escherichia coli EC JO1695

Legionella pneumophila LP MS59157
Vibrio anguillarum VA X16895
Aeromonas salmonicida AS X60405
Renibacterium salmoninarum RS X51601
Wolbachia persica WP M21292
Cowdria ruminantium CR Uuo03777
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 M358822
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. bacilliformis
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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P.salmonis 1s now known to infect four species of salmonids, O. kisutch, O.
tshawytscha, O. mykiss and S. salar, and it is probable that other fish species are also
susceptible. The disease has been induced experimentally in O. kisutch and S. salar by
intraperitoneal injection of fluids from infected cell cultures (Garces et al., 1991), but the
method of natural transmission has not yet been determined.

The type strain, LF-89 was 1solated 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 1s 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 burnetii, can
be transmitted by a vector but infection can also occur by direct contact with contaminated

material, such as placenta or milk. Therefore, it 1s 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 1s 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 1n 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 (RL.Os) have been reported in non-salmonid fish, shellfish and
crustaceans (Fryer and Lannan, 1994); therefore, it 1s 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 1s 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
septicaecmia (VHS) virus was also 1solated 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 1n 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
CALLIONYMIDAE

Callionymus lyra (Dragonet)

SALMONIDAE

Oncorhynchus kisutch

(Coho salmon)

Oncorhynchus mykiss

( Rainbow trout)

Oncorhynchus tshawytscha

Oncorhynchus gorbuscha
(Pink salmon)
Salmo salar

(Atlantic salmon)

TETRAODONITIDAE

Unknown

REGION

Cardigan Bay

Southern Coast

Chile

Germany

Southern Coast

Chile

Southern Coast

Chile

Pacific Coast, Canada
Pacific Coast
Canada

Southern Coast

Chile

Pacific Coast, Canada

Eoypt

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 al., 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
rickettsial 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 i1ts 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
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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, Ehrlichicae 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 1s
discovered. For example, Coxiella burnetii 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 successtully
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 1dentification 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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Figure 2 Family Rickettsiaceae, Bartonellaceae and Anaplasmataceae

The above table shows an updated account of the three families.
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of Coxiella burnetii. 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 1n 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
eventually 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 0.3-0.6ium in width by 0.8-2.0pum 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 1s much thicker
around rickettsiae within the cells of fed ticks than in starved ticks. This 1s 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 1s 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, 1981: 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 32°C for the Spotted Fever Group
versus 35°C for the Typhus Group. It has been shown that the Typhus Group rickettsiae
have lipopolysaccharide (LPS), but in Scrub Typhus there 1s 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 1dentified 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 1is the only species of the Genus Coxiella, and 16S rRNA
sequencing placed C. burnetii, 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 burnetii 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-1-gamma type peptidogycan (Mege et al., 1997). Mutational
variation in Coxiella burnetii 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 changés 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 burnetii 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. burnetii which have been cloned
and expressed in E. coli include gltA, citrate synthase gene (Heinzen et al., 1991), the
superoxide dismutase gene, heat shock proteins sfpA 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 1s very primitive, 1n 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 glutamate 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-borne typhus agent 1s 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 1s not entirely clear. Cohn e?
al., (1959) as cited in Osterman, (1985) exposed cultured mouse lymphoblasts in
complete tissue culture medium to partially-purified rickettsiac 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 A) activity weakening or perforating the host cell membranes (Manor ef 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 1935). 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, 1t 1s 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, 1981; 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 17kDa
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 17kDa 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. burnetii, but in no other rickettsiae. In C. burnetii 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 1, but after repeated
passage in the yolk sac, the LPS antigen appears, and the organisms move into phase 1.
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,
1991; Crocquet-Valdes et al., 1994; Emelyanov, 1993; Gilmore et al., 1991; Hahn et al.,
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1993; Shaw and Wood 1994; Stover et al., 1990; Ohashi et al., 1990), these are

summarised 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 rickettsial 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 A EMBL4 in E. coli where 37, 16 and 14 kDa antigens were expressed

(Aniskovich et al. 1991). 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, 1991), R. rickettsii (17kDA 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 17kDa 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 M

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

Williamson et al ., 1989

Wood et al., 1983

R. prowazekii

glt A citrate synthase
C. burnetii Wood et al., 1987

Heinzen et al., 1987

unpubished
51 KDa surface Anige Krauso tal, 1955

Anderson et al., 1997

17 kDa surface Antigen | R. rickeittsii

R. conorii Anderson et al., 1989

R. prowazekii

R. typhi

Gilmore et al., 1989
Policastro et al., 1990
Anderson et al., 1990
Stover e al, 1990
Stover et al, 1990

Stover et a. 1990

Oaks et al., 1989

Sta 150, 110, 72, 56, 49, | R. tsutsugamushi

27 & 20 kDa surface A

Oaks et al., 1987

C. burnetii Stover et al., 1990

heat shock
Table 4 Selection of genes cloned from Rickettsiae Genetics of
Rickettsiae is reviewed by Mallavia, (1991) and cites the above references.
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Differences in the nucleotide sequence of the gene encoding the S8kDa antigen of R.
tsutsugamushi have been shown by restriction mapping of DNA in a comparison between
eleven R. tsutsugamushi 1solates. 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 17kDa antigen genes show great similarity to the
consensus sequence of E. coli promoters. The rickettsial genome 1s 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 fpr 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., 1993).
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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 O-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 1s the reversion to virulence, although

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

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

for use in control of piscirickettsiosis 1n 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 1n 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 16STRNA
sequence was analysed. Antiserum 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 II (AFixII).
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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 -709C 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 I. All media were sterilised by
autoclaving at 108 kPa for 20 min or by filtration through a sterile 0.22 m Millipore
filter. Glassware was sterilised by heating to 160°C for 2 hr. When required,
antibiotics were added after sterilisation of the medium to the following final
concentrations: ampicillin, 50 pg/ml; carbenicillin, 50 pg/ml; kanamycin, 50 pg/ml;
chloramphenicol, 12.5 pg/ml; tetracycline, 10 pg/ml; spectinomycin, 50 pg/ml, and
streptomycin 10 pg/ml;. When required, X-gal (5-bromo-4 chloro-3-indolyl-8-D-
galactoside) in DMF (dimethylformamide) and IPTG (isopropyl-thiogalactoside) were
added to final concentrations of 40 pg/ml and 2 pg/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 4°C in SM buffer with one drop of CHCI3 added; long

term storage was at -20°C,
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Table 5 Bacterial strains used in this study and their sources

Strain Properties
Escherichia coli
XL1-Blue sup E44 hsd R17 rec Al end Al gyr A46 thi rel Al

XL.1-Blue MRA

X1L.1-Blue MRA (P2)

NM522

LE392

TGI

NP66

Legionella pneumophila

lac - F [pro ABT lacl9 lac Z (AM15 Tnl10(tet T')]
(Bullock et al., 1987) supplied by Stratagene.
A(mcrA) 183, A(mcrCB-hsdSMR-mrr)173, endAl,
supE44, thil,gyrA96, relAl, lac
XL1-Blue MRA (P2 lysogen) supplied by
Stratagene
[FlaclqZ(M15], proA+B+/supE, thi-1,(
(lac-proAB)((hsdMS), (mcrB)S(rk-,
mk-mcrBC-): supplied by Pharmacia.
sup E44sup F58hsd R514gal K2gal T22met
B1trpRS55lac Y1 (Borck et al., 1976; Murray et al.,
1977) supplied by Pharmacia.
supE hsd AS thi A (lac -proAB)F' [traD36,
proABtlacl9lac Z AM15] (Gibson, 1984)
thr, leu, pro, thi, bio, c1857 int*xist, (HI, lacZM15,
cml,/pJN13[(80 repressor, pACY 184 replicon]
[pXis[xis+replicon]/pXis[xis+, strf, pSC101 replicon]
Supplied by Pharmacia

Knoxville serogroup 1 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

AExCell Pharmacia

AFixII Stratagene

AcI1857Sam7 -witl Stratagene

M13KO7 Helper phage, GIBCO

Plasmid Supplier

pUCI138 GIBCO, Life Technologies

pExCell Pharmacia

pAG16S1 pUCI18 with P. salmonis 16S gene this study

pAGMIP pUCI18 with L. pneumophila MIP gene this study

pAGB41.21 pUCI18 with 3.5 kb insert (B41.21) from P. salmonis
MExCell, this study
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2.3.1.2 Titration of phage suspensions

Phage stocks were titred using methods described by Stlhavy et al. (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

Piscirickettsia salmonis was supplied by Marine Harvest Chile (labelled isolates A, B
and C), Marine Harvest McConnell, Lochailort (Ardintoul strain), and the type strain
LF-89, was obtained from ATCC.

2.4.2 Tissue culture

7.4.2.1 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 1% L-
Glutamine. in the absence of antibiotics at 159C. 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 1ml 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 1 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, S 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 4°C for 1 hr, then -20°C overnight followed by -70°C for
1 h before final transfer to liquid nitrogen.

When thawing, the tubes were removed from liquid nitrogen and immediately warmed
to 379C 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 1LF89 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 25cm? 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)
150cm? tissue culture flasks, or 2L roller bottles.

2.4.4 Purification of P. 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 1 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 49C.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 ul 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 antiserum

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 -20°C.

2.5.2 Sheep anti-P. salmonis antiserum

Rickettsiac were cultured in CHSE cells, purified by Percoll density gradient
centrifugation, washed in PBS and inactivated by incubation overnight at 4°C with
formalin (final concentration 5% v/v). Cells were collected by centrifugation at 15000 x
g for 10 min at 4°C, 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 1 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 -20°C
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
AExCell

2.6.1.1 Preparation of rickettsial DNA

P.salmonis 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 x g for 30 min at 4°C. The pelletted bacteria were resuspended in
1 ml sterile TE, pH8.0. The resuspended bacteria were incubated for 20 min at 37°C
with 1 mg/ml lysozyme; 0.5% SDS was added and 100 mg/ml Proteinase K, and the
mixture incubated for 2 hr at 509C to ensure lysis complete. The DNA was then
extracted twice with equal volumes of phenol:chloroform: 1soamyl 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 -709C the
precipitated DNA was collected by centrifugation at 12,000 x g for 15 min at 4°C and

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

resuspended in dH20. The addition of 10 pg 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 ©C, Redisssolved at a concentration of 10

mg/ml in sterile TE, aliquoted and stored at -20 ©C,
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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 A 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 37°C 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 AExCell 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 pg of AExCell vector at 16°C 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 4°C. The results of the phage
titrations are shown in Table 8.

2.6.1.5 Preparation of host cells

Strain NMS522 is an E. coli K12 derivative which is restriction minus and modification
minus. The lyophilised culture was resuspended in 1 ml of LB and grown overnight at
370C with shaking before plating onto M9 minimal medium containing 1 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 2 x 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 lyophilised culture was resuspended in 1 ml of LB and grown
overnight at 329C with shaking and subcultured onto LB plates containing 50 pg/ml
spectinomycin and 30 pg/ml chloramphenicol. The plates were incubated at 329C. 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 -70°C.

2.6.1.6 Lawn cell preparation

5 ml of broth inoculated with a loop of NM522 was incubated overnight at 37°C with
shaking; 5 ml of LB broth with 0.2% maltose was inoculated with 50 pul of the

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

by centrifugation at 4000 rpm for 15 min at 4°C. The pellet was resuspended in 10 mM
MgSO4 to a final AgoQ = 2.0. The cells were then ready for use but could be stored at

40C for up to one week.

2.6.1.7 Blue/white screening with ExCell and pExCell

For blue/white screening 2 |l of 1M IPTG and 50 pl 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 activi.ty of B-galactosidase caused by insertion of the multi-
cloning site into the lacZ 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 pl of SM buffer by allowing diffusion for a minimum of 1 hour.

The E. coli NP66 cell preparation was obtained by culture of the organism, overnight
at 320C with shaking, in 5 mlof 2 x YT broth containing 50 pg/ml spectinomycin, 30

ttg/ml chloramphenicol and 0.2 % maltose. From the overnight culture 50 ptl was used

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

chloramphenicol and 0.2 % maltose, which was grown until an Aggo of 0.5-0.8 was
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reached. The cells were harvested by centrifugation at 4000 rpm for 15 min at 4°C and

the pellet resuspended in NZCYM containing 50 pg/ml spectinomycin to a final Ag0Q

of 2.0. The cells must be used within 1 hour.

2.6.1.9 Release of pExCell
100 pl of the above freshly prepared NP66 cell was incubated at 399C for 20 min to

allow expression of the proteins required for site-specific recombination between the
attL and attR sites. 100 ul of SM solution containing the cored plaque was added to the
NP66 cells and incubated for a further 20 min at 399C. To terminate infection of NP66
with AExCell 200 pl of 1 M sodium citrate solution (room temperature) was added and
the mixture transferred to 5 ml of prewarmed (32°C) 2 x YT broth containing 50 pg/ml
spectinomycin. The culture was incubated at 329C with moderate shaking for 1.5 h,
and 50 pl of the released culture was used to inoculate 5 ml of LB + ampicillin (100
ng/ml) and incubated overnight at 37°C 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 2 x YT
broth supplemented with 0.001%thiamine and 100 pg/ml ampicillin, and this culture

was grown to an Ag60 of 0.5-0.8 at 37°C; 2 ml of the culture was infected with the

helper phage M13KO07 at a multiplicity of infection of 10. The culture was shaken at
300 rpm for 1 h in a 50 ml tube and 400 pl of the infected cells removed, mixed with
10 ml of 2 x YT media containing 70 ng/ml kanamycin and grown at 37°C for 14-18
hours in a shaking incubator at 300 rpm. Cells were removed by centrifugation at 4000
rpm for 15 min at 49C 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 x g 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:chloroform:isoamyl alcohol (25:24:1)

was added, the solution vortexed for 30 sec and then centrifuged for 1 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 ul 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

ILambda 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 describéd elsewhere; 1.5 ml of the
bacterial suspension was centrifuged in a microcentrifuge at full speed to produce a
compact pellet, the supernataﬁt was discarded and the pellet was resuspended in 567 pl
TE buffer. Then, 30 il of 10% SDS and 3 ul of 20 mg/ml proteinase K were added to
give a final concentration of 100 pg/ml proteinase K in 0.5% SDS. The solution was
mixed thoroughly and incubated for 1 hr at 37°C, during which time the solution
became viscous as the detergent lysed the cell wall; 100 pl of SM NaCl was added and
mixed, then 80 ul of CTAB/NaCl solution was added, mixed and incubated for 10 min
at 65°C. An equal volume (700-800 pl) 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:isoamyl 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 4°C. 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 FixII vector arms the insert DNA was first partially
digested with Sau3AI , by digesting approximately 0.7 ig 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 pl) of phenol:chloroform:
isoamy] 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 pl dH20O.

2.6.2.4 Partial fill-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 pl) 5 pl of 10X fill-in buffer, 5 ul of 10 mM dGTP,
5 nl of 10 mM dATP and 10 U of Klenow enzyme (2U/ ul) were added. The mixture
was incubated at room temperature for 20 min, before addition of 33 pl of 10x STE and
100 ul of 1X STE, followed by two extractions with phenol:chloroform, ethanol
precipitation and final dissolution in 5 pl of dH20.

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

To 2 pl of the above DNA preparation ( approximately 1 pg DNA), 1 pl Lambda FixII
vector, 1 ul of T4 DNA ligase buffer (53X, GIBCO) and 2U of T4 DNA ligase, 2 ul,

were added and the ligation mixture incubated overnight at 4°C.

2.6.2.6 Ligation of pMF test insert
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To the pMF test insert (0.3 pul contained 0.3 png) was added 1 pl of lambda FixII vector
(1 ng), 1 ul of T4 DNA ligase buifer (5X, GIBCO), 2 U of T4 DNA ligase (2 pl) and

0.4 ul of dH20 to achieve a volume 5 ul; the ligation mixture was incubated as above.

2.6.2.7 Control ligation - no insert
To 1 pl of Lambda FixIl vector was added 1 pl of T4 DNA ligase buffer (5X,
GIBCO), 2 ul of T4 DNA ligase (2U) and 2 ul of dH20. The reaction mixture was

incubated as above.

2.6.2.8 Packaging the AFixII ligate with Gigapack II

The required number of packaging extracts were removed from storage at -70°C and
placed on ice; each extract was individually warmed between the fingers until it began
to thaw, and immediately the DNA was then added (1 pl of each ligation). After gentle
pipetting and brief centrifugation for 3-5 sec, the reaction mixtures were incubated at
room temperature for 2 h (n.b. this must not be exceeded); 500 pl of SM buffer and
20 ul 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 II packaging extract

The above procedure was followed substituting 1 Ll of wt lambda c1857DNA in the

ligation mixture.

2.6.2.10 Host cells for AFixII
Host cells were E. coli XL1-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 6 h with

shaking at 379C in the appropriate medium supplemented with MgSO4 and maltose
until the AgoQ reached 1.0. The bacteria were harvested and resuspended in 10 mM

MgSO4 to Agp0 = 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 pl of Cell Resuspension Solution
(Appendix), and transferred to an Eppendorf tube; 200 pl 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 pl of Neutralization Solution was added and the
tube inverted several times before centrifugation at full speed (12000 rpm) in a
microcentrifuge for S 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 a 3 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 ul of sterile dH20 was added, after waiting 1 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 pl 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 pul 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 pl of Alkaline Protease Solution was added and again the

contents were mixed by inverting the tube four times. After incubation at room
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temperature for S min (n.b. the 5 min incubation time should not be exceeded as
nicking of the DNA can occur), 350 pl 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 1 min, the Wizard SV Plus Miniprep Spin Column was removed and the
flowthrough discarded. The column was washed by the addition of 750 pl of Wizard
SV Plus Minipreps Column Wash solution, and centrifuged on the bench centrifuge for
1 min. The column was removed and the flowthrough discarded, the column reinserted
into the collection tube and 250 ul 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 pl of nuclease-free water to the column and centrifugation for 1 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 S000 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 pl 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 pl 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 1 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 4°C until
required to recover the necessary colonies. The remainder of each colony from the
original plate was resuspended in a microfuge tube containing 50 pl of sterile 10 mM
EDTA (pH8.0); SO ul 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 ul of 4 M KClI 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 49C in a microcentrifuge, and 10 pl
of the supernatant was added to 3 pl 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 grownin 2 X YT
medium with shaking at 37°C. The culture was added to 1L of 2 x YT broth and grown
with shaking until Aggo = 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 1L of ice-cold sterile 1M Hepes buffer, pH7, again pelleted as
above and resuspended in 500 ml of ice-cold sterile 1M Hepes buffer, centrifuged again
and resuspended in 20 ml of ice-cold sterile 1M 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 grownin 2 x YT broth
with shaking overnight at 37°C. A 500 pul volume of the overnight culture was
inoculated into 50 ml prewarmed 2 x 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 49C. The supernatant fluid was decanted and the pellet

resuspended in 25 ml ice-cold sterile 100 mM CaCl2. Again, the cell suspension was

chilled on ice and centrifuged as above, resuspended in 5 ml ice-cold 100 mM CaCl»

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 -70°C.

2.7.2.3 Transformation by electroporation
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Competent cells were gently thawed on ice. DNA, 1-5 pl at a concentration of 10

tg/ul) in sterile water, was placed in a prechilled (-20°C) 0.2 cm sterile electroporation
cuvette, supplied by Equibio Ltd., and 20 ul 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, 1 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 1 hr at 37°C. Samples of 100 ul 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 pl at a concentration of 10 pg/ul
in distilled water, and 100 pl of thawed competent cells were mixed in an Eppendorf
tube on ice and incubated on ice for 1 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
] ml prewarmed LB plus 10 mM MgSO4; incubation was continued for 1 hr with
shaking at 37°C before samples of 100 pl 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 S ml of LB medium

supplemented with 0.2% maltose and 10 mM MgSO4. This was shaken overnight at
370C. For each 90 mm diameter plate, approximately 1 x 109 pfu of bacteriophage
were mixed with 100 pul 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 1 ml of SM buffer and incubated for 1 h at room
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temperature. 100 pl of eluted phage was mixed with 100 pl of a fresh E. coli overnight

culture and incubated for 30 min at 37°C.

2.5 ml of melted (45°C) top agarose was added to the infected cells, mixed by shaking
gently and poured onto an LB plate prewarmed to 379C. When the top agarose
hardened, the plates were inverted and incubated at 379C for 6 h 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 4°C 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 4°C 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 1
ug/ml and the mixture was incubated for 30 min at 37°9C. 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 4°C, The supernatant was removed
and the tube drained by inverting on a paper towel. 1 ml of SM buffer per 10 ml of
starting lysate was added and the bacteriophage particles were resuspended by
vortexing. Centrifugation at 8000 x g for 2 min removed debris and the supernatant
was transferred to a new tube and 100 pl of 10% SDS (per 100 pl of lysate) and 100 pl
of 0.5 M EDTA pH8.0 was added and incubated at 68°C for 15 min. 1 vol of
phenol:chloroform:isoamylalcohol (25:24:1) was added and the mixture vortexed

gently. Separation of the two phases was achieved by centrifugation at 12000 x g 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 1 h at -209C. The
precipitated DNA was collected by centrifugation at 12000 x g for 15 min at 4°C; 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 pul of dH20 for each 10 ml of starting lysate. The

lambda DNA was stored at 4°C.
5-10 ng of recombinant lambda DNA should recovered from 2 x 1011 pfu of starting

material.

2.7.3.3 Purification of lambda DNA: modified Wizard method

A single plaque was cored into 1 ml of SM buffer and left overnight at 4°C, 0.1 ml was
(approx. 103-106 pfu/ml) used to infect 300 il of AgpQ = 0.6, of bacterial suspension.
The phage and bacteria were mixed and incubated for 30 min at 379C, 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 37°C until confluent lysis
occurred (approx. 6 h). 10 ul 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 pl with SM buffer.
0.1 ml of CHCI3 was added to the solution and mixed by inverting. Debris was
removed by centrifugation at 3000 rpm for 30 min at 4°C. The supernatant was
collected in 15 ml centrifuge tubes and 50 ul of 0.1% bromophenol blue and 5 pl of
50% suspension of Whatman DE52 equilibrated in SM butfer 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 bactenal 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 1 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 S 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 ul dH20 at

80°C, 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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>