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SUMMARY:

The project was concerned with the construction of defined attenuated

derivatives of P. multocida serotype B:2 strains, causative agents of
haemorrhagic septicaemia, and attempts were made to construct defined

mutations in genes such as aroA, cya, and galE loci that have been used to

induce attenuation in other bacterial strains.

Mutants defective in the aroA gene were constructed by allelic exchange of

the locus in the chromosome of the wild-type strains with a cloned aroA gene
interrupted with a cassette encoding kanamycin resistance (KmR). The aroA

defective strains were confirmed by PCR, Southern blotting, lack of growth

on minimal medium and by enzyme assay.

KmR-inactivated aroA mutants JRMT1 and JRMT? strains derived from P.

multocida 85020 and Quetta strains, respectively, were highly attenuated 1n a

mouse model, with an LD50 2108 C.F.U./mouse after injection
intraperitoneally (i.p.). In contrast, the wild-type strains had LD50 <50

C.F.U./ mouse by this route. Vaccination once by the i.p. route or twice by

the i.n. route with these aroA mutants gave complete protection to the mice

against subsequent challenge i.p. with 10,000 LD50 of the homologous wild-
type strain or 1000 LD5( of the heterologous wild-type strain. Vaccination
with these by the s.c. route was not protective. When high doses of the

attenuated strains were inoculated by the i.p. or i.n. routes, there was some

spread to the internal organs but the organisms were cleared by 24 and 72 hrs

respectively. In contrast, the wild-type parent strains spread rapidly and

multiplied in high numbers and killed the mice by 24 and 96 hrs respectively.
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Attempts were made to construct cya mutants, by insertion of KmR or ApR

cassettes into the cya gene by allelic exchange, but this was only partially
successful. Only a single cya::KmR clone that produced the correct predicted

size bands by Southern blot hybridisation was obtained with the Quetta strain.

This strain showed some attenuation, with an LD5Q about 1000 C.F.U./

mouse by the i.p. route, but did not provide any protection in the mouse
against challenge with the wild-type parent strain. Also, insertion of a KmR

cassette into the galFE locus did not prove to be successful and no strains were

obtained with the predicted genotype.

For construction of a marker-free aroA mutant, different procedures were
attempted. These included selection against the vector and combinations of
repeated subculturing and auxotrophic enrichment, but these were
unsuccessful. Finally, for the first time in Pasteurella strains, the sacB gene

was used successfully as a positive selection marker. A broad-host-range
suicide plasmid pJRMT30 containing the sacB gene of Bacillus subtilis was
constructed for use in the positive selection for marker-free construction in

Gram-negative bacteria. P. multocida cells containing pJRMT30 do not grow

on a medium containing 5% (w/v) sucrose and loss of the plasmid can be
monitored by the capacity to grow on this medium. With this procedure,
marker-free aroA mutants of P. multocida 85020 and Quetta strains, JRMT12
and JRMT13 respectively, were constructed. These two deleted aroA mutant

strains showed attenuation and protection properties similar to the KmR-

interrupted aroA mutants. This strategy was not successful however for

construction of a deleted galE mutant.

The P. multocida strain 85020 and its aroA mutant, JRMT1, were tested 1n

a phagocytosis assay, with a macrophage-like cell line, to examine the uptake



XXVI

and survival of the strains within the intracellular environment. Both strains
were taken up into the macrophage-like cells but the aroA strain JRMT1 was
able to enter more efficiently than its wild-type parent strain. Both wild-type

and mutant were able to survive for at least 2 hrs in the phagocytic cells.



1. INTRODUCTION

1. 1. The family Pasteurellaceae

As reviewed by Bisgaard (19995), the family Pasteurellaceae pohl 1981 was

conceived to accommodate a large group of Gram-negative chemoorgano-

trophic, facultatively anaerobic, and fermentative bacteria including the genera
Pasteurella, Actinobacillus, Haemophilus and several other groups of

organisms that exhibit complex phenotypic and genotypic relationships with

the aforementioned genera.

1. 2. The genus Pasteurella

DNA:DNA hybridisations have shown that this genus consists of at least 11
species some of which have not yet been named. The Pasteurella sensu stricto
includes Pasteurella multocida with 3 subspecies (multocida, septica, and

gallicida), P. dagmatis, P. gallinarum, P. canis, P. stomatis, P. avium, P.

volantium, P. anatis, P. langaa and Pasteurella species A and B. Species and

taxa excluded from the genus include [P.] aerogenes, [P.] haemolytica
biotypes A and T, P. multocida biotype 1, [P.] pneumotropica biotypes Heyl
and Jawetz, [P.] testudinis, [P.] urea, and the SP-group. The bacteria in [P.]
haemolytica biotypes A and T have been reclassified by taxonomists twice

since 1990. The former T. biotype is now P. trehalosi and the A biotype has
been placed in a new genus, Mannheimia (Angen et al., 1999). The majority of

the old Pasteurella haemolytica A biotype serotypes are now known as

Mannheimia haemolytica.

In Bergey's Manual, the genus Pasteurella is listed under the heading

"Gram-negative Facultatively Anaerobic Rods: Genera of Uncertain



Affiliation" as type genus of the family Pasteurellaceae. The type species of the

genus 1s P. multocida and has now been widely accepted.

Bacteria included in the genus Pasteurella are commensal and occasional
pathogens of many species of domestic and wild animals. The principal
characteristics of members of the genus are: small, Gram-negative rods or
coccobacilli with size ranging from 0.3-1.0 pm in diameter and 1.0-2.0 pm 1n
length, non-motile, facultatively anaerobic, and they display a characteristic
bipolar staining with either Leishman or methylene blue stains. The organisms
do not grow on MacConkey's agar and they are non-haemolytic on blood agar.
On nutrient agar they produce fine, translucent colonies with a characteristic

musty odour. P. multocida organisms are oxidase, catalase and indole positive.

They ferment sugars such as glucose, sucrose, sorbitol and mannitol with acid,

but with no gas production. Lactose, maltose and salicin are not fermented,

while variable fermentation results are obtained with arabinose, trehalose and

xylose. Gelatin is not liquefied.

1. 3. The species Pasteurella multocida

Pasteurella multocida has been recognised as an important veterinary
pathogen for over a century, and its importance as a human pathogen causing
bite wounds, respiratory diseases and infections of the central nervous system
(Fredriksen, 1989) has been increasingly recognised in the last 50 years. The
organism can occur as a commensal in the naso-pharyngeal region of
apparently healthy animals and it can be either a primary or secondary pathogen
in disease processes of a variety of domestic and wild mammals and birds.
Distributed throughout the world, it has been found among many varieties of

both terrestrial and aquatic species of mammals and birds (Rimler and Rhoades,

1989).



1. 3. 1. Cell morphology and staining

P. multocida is a non-motile, non-sporogenous coccobacillus or short rod,

which stains Gram-negative. Cells can occur singly, in pairs and occasionally
as chains or filaments. In tissues, exudates and recently isolated cultures, the
bacterium shows bipolar staining with Giemsa or Wright's stain. Cells usually

measure 0.2-1.25 um in length but after repeated subculture they tend to

become pleomorphic.

Virulent strains of P. multocida are usually capsulated and their capsules
can be seen in organisms isolated from tissues of diseased animals and

laboratory cultures. The capsules are composed of carbohydrate and differ 1n
size and chemical composition amongst the varieties of P. multocida. They are

frequently lost upon repeated subculture. Several techniques have been used to

demonstrate capsules for light microscopy. The alcian blue, Congo red and

crystal violet methods have been used for direct staining while the Jasmin and
Indian ink methods have been used for indirect staining (Rimler and Rhoades,

1989). Recently, the capsule has been demonstrated to be an important

virulence factor (Boyce and Adler, 2000).

1. 3. 2. Colonial morphology

Generally, description of colonies is made from 18-24 hrs cultures grown
aerobically at 35-37 C on enriched media. Under these conditions, colonies
usually range in size from 1.0 to 3.0 mm in diameter. Ordinary cultures on agar

media may develop into either or both of two principal colony forms, mucoid

and smooth. Rough colony forms are encountered infrequently.

The largest smooth colonies are mucoid and they are composed of
capsulated cells. The mucoid characteristic can range from cultures whose
colonies are discrete, circular, and convex and have a slight mucus-like

consistency to cultures whose colonies are confluent, markedly moist and



viscous. Smooth colonies are composed of capsulated or noncapsulated cells.

They are discrete, circular and convex. Rough colonies, which consist of
filamentous noncapsulated cells, have been described as being flat with slightly

raised central papillae and flattened irregularly serrated edges or discrete,

raised, circular, rough and slightly dry (Rimler and Rhoades, 1989).

Colonial morphology on transparent media observed in obliquely transmitted
light with a stereomicroscope is a useful characteristic for the study of P.
multocida. Colonies refract the light in a manner that helps distinguish variants.
Except for watery mucoid colonies, which appear grey, colonies consisting of
capsulated cells display a yellowish-green, bluish green or pearl-like

iridescence. Composition of the medium determines the degree and type of
irdescence to a certain extent. Colonies that consist primarily of noncapsulated
cells are not iridescent and appear blue, greyish-blue, or grey. Dissociation,
which is manifested primarily by a change from an iridescent to a blue or

greyish-blue colony form, is associated with a loss of the bacterial capsule.

A characteristic mucoid colony has been found in all serogroup A and a few
serogroup D strains (See section 1. 4. 4). All strains of P. multocida that
produce colonies of the large watery mucoid variety have been found to belong
to serogroup A. Colonies of serogroup A, D and F strains display a pearl-like
iridescence in oblique transmitted light, except where watery mucoid colonies
of serogroup A appear grey. Serogroup B and E strains produce the smallest

capsules and form smooth colonies that usually have a yellowish- or bluish-

green iridescence in oblique transmittent light.

Dissociation of colonies from iridescence to non-iridescence and the
concomitant loss of the capsule of a virulent strain are associated with reduction
or loss of virulence (Heddleston et al., 1964; Penn and Nagy, 1974). Capsule

production, iridescence and virulence can sometimes be regained or enhanced

by repeated passage in mice (Rimler and Rhoades, 1989).



1. 3. 3. Cellular components

1. 3. 3. 1. Capsule antigens

The capsule antigen of P. multocida responsible for serotype specificity is
Intimately associated with lipopolysaccharides (LPS), as well as non-antigenic
polysaccharide material (Rimler and Rhoades, 1989). Both the capsule-specific
antigen and LPS can be adsorbed onto erythrocytes from crude cell extracts
(Rimler and Rhoades, 1989). However, passive haemagglutination tests, with
serum containing antibodies against the capsule-specific antigen and LPS,
usually show a reaction only with the capsule-specific antigen (Rimler and
Rhoades, 1989). Nagy and Penn (1976) prepared capsular antigens of P.

multocida serotypes B and E and showed that they were immunogenic and
protective in cattle against serotype E challenge. However, non-capsulate and
capsulate organisms of serotype A, strain X-73, were reported to be equally

effective in immunising birds against fowl cholera (Heddleston et al, 1964).

1. 3. 3. 2. Lipopolysaccharides
P. multocida LPS has chemical and biological properties similar to those
found in many species of Gram-negative bacteria. As antigens, LPSs have been

associated with immune protection of animals and are believed to be the
chemical basis for the specificity of the somatic typing system (Brogden and

Rebers, 1978).

LPSs have been purified from many different strains of P. multocida. In
common with LPSs from bacteria of the family Enterobacteriaceae, chemical
analysis has shown that they contain lipid A, 2-keto-deoxyoctonate, L-glycero-
D-mannoheptose, glucose and glucosamine. Other sugars encountered amongst
LLPSs from different strains were galactose, rhamnose, D-glycero-D-
mannoheptose and galactosamine (Rimler et al., 1984). Although a possible

structure for the heptose region has been described, the complete structure of P.



multocida LPS has not been determined (Rimler and Rhoades, 1989). Long
polysaccharide chains (O-antigen), like those found in S-type LPSs of
Salmonella and other Enterobacteriaceae, have not been demonstrated in P.

multocida. Chemical and physical evidence suggest that typical P. multocida

LPSs are similar to the R-type LPSs (Rimler et al., 1984; Manning et al.,
1986).

Purified P. multocida LPS is antigenic and can react with avian and

mammalian antisera made against the whole organism, but has been reported to
produce little or no active immune protection for mice (Schmerr and Rebers,
1979; Rebers et al.,1980) or cattle (Erler et al., Cited by Rimler and Rhoades,

1989) against challenge with the homologous organism but does provide

protection in chickens (Rebers et al., 1980). In chickens, LPSs from some
serotypes produced antibodies whereas others did not (Rimler et al, 1984).
Wijewardana et al. (1990) found that an anti-LPS monoclonal antibody

protected mice against homologous and heterologous challenge with serotype A

strains.

Proteins of P. multocida are generally believed to be important immunogens.
However, with the exception of an immunogenic protein toxin from a serotype
D strain (see below), purification of a P. multocida protein antigen to
homogeneity and its biochemical characterisation has not been done. Kajikava

and Matsumoto (1984) partially purified proteinaceous immunogens found in

extracts or culture filtrates from avian strains of P. multocida and they found

that their purified immunogens produced protection against homologous

serotype.
1. 3. 3. 4. Neuraminidase

Serogroups A, B, D and E produce neuraminidase (Scharmann et al.,

1970). Drzeniek et al. (1972) found that highest neuraminidase activity



occurred in serogroup A and D while low activity occurred in serogroup B
strains. Maximum activity occurred between 6-10 hrs (log phase) in basal

medium and at 50-70 hrs (decline phase) in complex medium (Drzeniek et al.,

1972).

Neuraminidase has been associated with virulence in other microorganisms
but the association of P. multocida neuraminidase with a specific disease
process or its role as a virulence factor is inconclusive. Drzeniek et al. (1972)
indicated there was no correlation between virulence in mice and neuraminidase

activity. Both neuraminidase positive and negative strains of serotype A were
equally virulent. Muller and Krasemann (Cited by Rimler and Rhoades, 1989),

in a study consisting primarily of dog and cat strains, observed that strains with
rapid in vitro growth and high neuraminidase activity were more virulent for

mice than those with low activity. Slow growing strains were less virulent than

rapid growing strains.

1. 3. 3. 5. Hyaluronidases

Hyaluronidases are enzymes that have been associated with invasive
mechanisms of bacteria and helminths (Rimler and Rhoades, 1994). Several
Gram-positive bacteria produce hyaluronidase and it has been associated with
their virulence (Rimler et al., 1984). Carter and Chengappa (1980) established
that serogroup B strains isolated from cases of haemorrhagic septicaemia
produced hyaluronidase. Carter and Chengappa (1991) reported that all
haemorrhagic septicaemia P. multocida strains of serotype B:2 produced a
hyaluronidase, whereas strains in serogroup A, D and E did not. The role of
hyaluronidase produced by type B strains in pathogenesis is as yet uncertain,

especially in view of the fact that it has not been demonstrated in type E strains,

which also cause HS (De Alwis, 1995). Rimler and Rhoades (1994) examined

hyaluronidase production in 176 strains of P. multocida representing different



serotypes tsolated from different animal species in different countries. They

found that all 82 serotype B:2 strains had activity against hyaluronic acid.

1. 3. 3. 6. Toxins
Two main types of toxin are found in P. multocida, endotoxin and protein

toxins. Endotoxic activity of P. multocida is due to LPS, the structural
component of outer membrane of all strains. There is no essential difference 1n
biological and toxic effect of P. multocida endotoxins and endotoxins of other

Gram-negative bacteria (Rimler et al., 1984).

It is well established that only some isolates of serogroup A or D produce a
dermonecrotic protein toxin. Rimler and Brogden (1986) found that although
toxin production occurs in different serotype of both serogroups A and D, no
correlation was found between production of toxin and somatic serotype. Of

these serogroups, toxin appears to occur more often in serogroup D (Foged et

al., 1987). Antiserum, made against the toxin from a swine serogroup D strain,

neutralised the lethal effects of toxin from rabbit serogroup D and swine
serogroup A and D strains from different geographic origins (Rimler and
Rhoades, 1989). Consequently, the toxins of serogroups A and D strains seem
to be antigenically similar. Foged et al. (1987) purified a proteinaceous
substance produced by a toxigenic type D strain of P. multocida and
characterised with a molecular weight about 143 kDa. The purified P.
multocida toxin showed a dermonecrotic effect in guinea pigs, cytopathic effect
in cultures of embryonic bovin lung cells and was lethal to mice. Also Bording
and Foged (1991) evaluated the immunogenicity of formaldehyde detoxified P.
multocida toxin and they found that pure toxoid was immunogenic and
protected mice against challenge with P. multocida toxin. Chanter et al. (1986)
purified a protein from sonicated cells of a serotype D P. multocida strain

LFB3. The partially purified protein was cytotoxic for embryonic bovine lung

cells, lethal for mice and caused turbinate atrophy in pigs; a single



Intraperitoneal injection of approximately 360 ng/ kg caused 50% turbinate

atrophy.

Recently, Shah et al. (1996) investigated the effect of P. multocida serotype
B:2,5 1n macrophages by in vivo and in vitro tests, and have shown that the

haemorrhagic septicaemia-associated strains of P. multocida produced a
vacuolating cytotoxin. This cell-associated and extracellular vacuolating

cytotoxic activity of P. multocida serotypes B and E strains caused large
cytoplasmic vacuoles in mouse peritoneal macrophages and in a mouse
macrophage cell line, and eventually cell death. In contrast, the macrophage cell

line treated with serotypes A and D strains did not show any vacuoles.

1. 3. 4. Biotypes of P. multocida
The species P. multocida incorporates a heterogenous group of types with

differences in pathogenicity, host preferences, serological and antigenic
characteristics, and cultural and biochemical properties. Classification is based
on the capsular and somatic antigens. Five main serological typing systems of
Pasteurella multocida have been developed, the number of serotypes identified

by each method and the position of the haemorrhagic septicaemia (HS)

serotypes 1s shown in Table 1.

Isolates from HS cases were typed as group 2 (Little and Lyon, 1943) and

type I (Roberts, 1947) using slide agglutination and passive mouse protection
test respectively. Carter (1955, 1961) defined HS strains as serotypes B and E.

Namioka and Murata (1961 a,b), with a combination of Carter capsular types
and somatic antigen typing, defined Asian and African HS strains as 6:B and

6:E respectively. Heddleston et al. (1972) developed an agar gel diffusion test

which found HS strains to type as 2 and 3.

Serotype designation is thus based on a combination of somatic and capsular

antigens. The more popular method at present is to use the Carter:Heddleston



Table 1: Methods adopted for serotyping of Pasteurella multocida and the

position of the HS serotypes

References Technique No. of types | HS strains

Little and Lyon (1943) Slide agglutination and passive mouse
1,2and 3 2
protection tests
Roberts (1947

"Capsular” typing indirect hemaggluti-

i AB,E and F B and E
nation test using heat labile (56 C/30
min) antigen and rabbit antisera*®
Simplified capsular typing using fresh

A,B,DandE B and E
cultures and rabbit antisera
"Somatic"” typing by agglutination test
1-11

using HCI treated cells and rabbit
antisera

"Somatic" typing by gel diffusion 1-16 2 and (5)
precipitin test using heat stable antigen
and chicken antisera

* Originally used fresh human 'O’ erythrocytes. Subsequently modified by Carter and Rappay (1962)

Carter (1955, 1961)

Rimler and Rhoades (1987)

Namioka and Murata (1961a)

Namioka and Murata (1961b,¢c)

Namioka and Bruner (1963)

Namioka and Murata

Heddleston et al., (1972)

using formalinised cells, by Sawada et al., (1982) using glutaraldehyde fixed sheep erythrocytes and by
Wijewardana et al., (1986) using fresh sheep erythrocytes.
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system. By this system, the Asian and African HS serotypes are designated B:2

and E:2 respectively.

1. 3. 5. Diseases caused by P. multocida

P. multocida spp. cause septicaemia and uncomplicated or complicated
respiratory diseases in domesticated and wild animal species. Two specific
diseases in which this organism is the primary agent are haemorrhagic
septicaecmia (HS) in cattle and water buffalo, and fowl cholera in poultry. These
are major bacterial diseases, of major economic and veterinary importance
throughout the world. They are usually manifested as either an acute
septicaemia or a chronic respiratory infection. Strains causing haemorrhagic

septicacmia usually belong to serotypes B and E. Those of group A are
frequently associated with fowl cholera. Serogroup D strains cause pneumonia

In cattle and atrophic rhinitis in pigs (Rutter, 1985) and strains of the serogroup

F vary 1n virulence for turkeys (Rimler and Rhoades, 1987).

1. 3. 5. 1. Haemorrhagic septicaemia (HS)

HS is an acute septicaemic disease characterised by terminal septicaemia and
high mortality, principally affecting cattle and buffalo, the latter being
considered more susceptible. The disease is distinctly different from some other
pasteurelloses where Pasteurellae play only a secondary role. HS 1s thus
defined as a specific form of pasteurellosis in cattle and buffaloes as much as
Typhoid fever and Pullorum are specific forms of salmonellosis in man and
poultry respectively (De Alwis, 1992). P. multocida serotype B:2 (6:B) and E:2
(6:E) have been found to cause HS. In Asia only serotype B: 2 strains have
been associated with the disease. In Africa serotype E:2 strains have been the
only serotype isolated from cases of HS, except for Sudan and Egypt where
both types have been recorded (De Alwis, 1992). In North America, serotypes
B:2 and B:3,4 have been reported as causative agents of HS in beef calves and

bisons (Rimler and Wilson, 1994). Septicaemic pasteurellosis has also been
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reported in pigs in Sr1 Lanka, Thailand, Malaysia and India (Wijewardana,

1992). HS-causing P. multocida has been isolated from goats in Malaysia and
India; however, these animals have been found to be very resistant to disease

(Wijewardana, 1992). Septicaemic pasteurellosis in elephants with concurrent
outbreaks of HS in cattle and buffalo caused by the same serotype B:2 have
been reported in Sri Lanka (Wijewardana, 1992). Fatal septicaecmia in horses
and donkeys associated with HS-causing B:2 have been reported in India

(Wijewardana, 1992). There are reports of serotype B:2, 3 being recovered

from poultry, but these strains are considered either weakly or non- pathogenic

to poultry (Wijewardana, 1992).

HS occurs in South East Asia, Near and Middle East, Southern Europe and
in most part of Africa. Generally, North American cattle are regarded as free of
the condition though it has been recorded in bison in game parks. In South
America it is said to occur; however, it has not been confirmed by laboratory

procedures. In Japan, the last recorded outbreak was in 1954, while Austraha,

Ocean, Canada and Western Europe have never recorded the disease (Carter

and De Alwis. 1989). It is economically important, especially in the South Asia

region where buffaloes provide the power for rice cultivation. The study of the

disease may provide parallels with human diseases characterised by a

septicaemic endotoxic phase.

1. 3. 5. 2. Epidemiology

Buffaloes are more prone to the disease. The incidence is directly related to
animal husbandry practices, the incidence being higher in large nomadic herds
compared to small intensively-reared herds (Wijewardana, 1992). In endemic
areas the outbreaks are seasonal and the link between successive outbreaks 1s
believed to be the carrier animals. The presence of the organism in the
nasopharynx of healthy animals is well established (Mustafa et al., 1978). The

nasopharyngeal carrier state is followed by an immune state, which persists for
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a long period (Wijewardana, 1992). The HS-causing organism is readily
recovered from such sites as tonsils and lymph nodes associated with the head
and neck, but it has been observed that recovery of the organism from the
nasopharynx and other sites is intermittent. Experimental infection tests have
also shown that large numbers of organisms are required to set up an infection

by the intranasal or oral route.

It is generally believed that HS is associated with wet, humid weather and
most outbreaks occur during the wet seasons. In countries where systematic
epidemiological studies have been done, it has become evident that outbreaks
do occur at all times of the year but those occuring during wet seasons tend to
spread, presumably due to the longer survival of the organism under motst
conditions (De Alwis, 1992). In the endemic areas outbreaks usually coincide
with onset of rains (Francis et al., 1980), which is normally preceded by a long
dry period with limited food. These adverse climatic factors and accompanying
nutritional deficiencies may well precipitate the activation of the carrier to

become a source of infection for susceptible animals. Maternally-derived

immunity wanes with age. Consequently the age group between 6 months-2

years is most susceptible, and this is the major group which contracts the

disease (De Alwis, 1992). The epidemiological cycle is outlined in Figure 1.

1. 3. 5. 3. Pathogenesis
The successful transmission of disease by the intranasal and oral routes,

producing a syndrome with clinical signs and lesions resembling natural

disease indicates that these may be the natural routes of infection (De Alwis,

1995). The organisms isolated from clinically normal animals even in the latent
carrier state, have been found to be as virulent as those from clinical cases.
Also it was established that carrier animals possessed high levels of humoral
immunity thus maintaining a host-pathogen balance. It appears that after entry

into an unexposed susceptible animal, the initial site of multiplication is the



Fig 1: The presumptive epidemiological cycle in haemorrhagic septicaemia

(From De Alwis, 1995)
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tonsillar tissue. Thus on the one hand the pathogen will multiply in vivo and on

the other the host defence mechanisms both specific and nonspecific will
interact and, depending on which process dominates, will lead either to clinical

disease or arrested infection. The dose of infecting organisms, amongst other
factors, will be an important determinant of outcome. The role of bacterial
adherence in the multiplication of Pasteurella in the respiratory tract in HS 1s an
area that merits investigation. This phenomenon could be an important

determinant of the outcome of infection. Endotoxin is likely to play an
important role in HS, as similarities were found in the pathological lesions 1n

natural HS and endotoxic shock in calves (De Alwis, 199)5).

1. 3. 5. 4. Clinical features

This disease is usually manifest by a rapid course, sudden onset of fever,

profuse salivation, severe depression and death in about 24 hrs. These are the
usual symptoms observed in HS. Oedema in the submandibular region and 1n

later stages the affected animals may show severe dyspnoea and alimentary tract

disorders. In outbreaks, sudden death without any previous signs is usually
reported. As the disease progresses, respiratory distress becomes severe and

the temperature drops to subnormal levels. Finally the animal becomes

recumbent and dies.

1. 3. 5. 5. Pathology

At necropsy the gross findings are usually limited to generalised petechial
haemorrhages, particularly under the serosae, and oedema of the lungs and
lymph nodes. Subcutaneous infiltration of gelatinous fluid may be present and
in some animals there are lesions of early pneumonia and haemorrhagic
gastroenteritis. The spleen may show a few haemorrhages but is not swollen,
and this is a means of differentiating it from anthrax. An experimental study in
Sri Lanka showed that animals dying within 24-36 hrs of infection had

widespread petechial haemorrhages particularly on the base of the heart,
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abdominal wall and to a lesser extent on the intestines, while lungs showed
only congestion. When the illness lasted over 72 hrs, there was extensive
consolidation of the lungs, with lobulation due to marked thickening of the

interlobular septa. Pleurisy and pericarditis were the other necropsy lesions

observed when the disease ran through a longer course (Wijewardana, 1992).

1. 3. 5. 6. Diagnosis

Two aspects of diagnosis, field and laboratory are considered as important.

Field diagnosis is important because the immediate investigation of control
measures to prevent spread of disease is based on a field diagnosis. A field

diagnosis can be made on the basis of characteristic clinical signs, gross

pathological lesions, herd history, morbidity and mortality patterns, species

susceptibility, age group affected etc. Since morbidity and mortality are highly
variable and are dependent on a number of factors and their interactions, these

parameters must be viewed in the background of surrounding circumstances.

Laboratory confirmation of diagnosis is by isolation and identification of the

agent. This is done by cultural and biochemical as well as serological methods.
Direct microscopic examination of smears from material is not conclusive.
Pasteurellae are not consistently present in nasal secretions. Thus, blood or
nasal secretions from animals during the clinical phase dose not constitute
reliable material and negative results using these are not conclusive. From a
fresh carcass, a blood sample or swab collected within a few hours of death
from the heart or from the jugular vein is satisfactory. From older carcasses, a
long bone is the preferred specimen. These are transported to the laboratory 1n a
standard transport medium on ice and well packed to prevent leakage. Direct
culture yields results only with fresh material. Contaminants and post mortem
invaders when present overgrow the Pasteurellae. A small volume of the eluted
blood into 2-3 ml sterile physiological saline, or bone marrow suspended in

saline is injected subcutaneously or intramuscularly into a mouse. If Pasteurella
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are present, even in small numbers, the mouse will die within 24-36 hrs. The
mouse acts as a biological screen and pure cultures of the organism can be
obtained from the heart blood of the mouse. The organism is identified by
morphological and cultural characteristics and serological tests. A rapid slide

agglutination test (Namioka and Murata, 1961a) requiring a single colony is

used initially. A single colony is mixed with a drop of saline on a slide, a
loopful of hyperimmune specific rabbit antiserum is added and the slide is

gently warmed while agitating with the loop. This is followed by an indirect

haemagglutiation test for capsular typing (Carter, 1955; Sawada et al., 1982)

and an agglutination test with hydrochloric acid-treated cells for somatic typing
(Namioka and Bruner, 1963; Schlink and Olson, 1979). For routine diagnosis

using material from HS suspected animals, the procedure used is outlined in

Figure 2.

1. 3.5. 7. Treatments
HS under field conditions is always fatal with the majority of affected
animals dying without showing any previous signs. Therefore treatment is of

little value once visible signs appear in the field; especially as the sudden onset

and rapid course of the disease makes early detection difficult. The only
practical approach in the face of an outbreak is to check the rectal temperature of
all in-contact animals in diseased herds and carry out antibiotic therapy
immediately. Traditionally intravenous administration of sulphadimedin or
sulphamethazine (33.33%) solution has been recommended. Oxytetracycline
(Francis et al., 1980), tetracycline, chloramphenicol and penicillin-

streptomycin combinations have been found to be useful (De Alwis, 1995).

1. 3. 5. 8. Control

Vaccination is generally accepted as the method of disease control. Several
types of vaccines have been developed. These include plain bacterins, alum-

precipitated vaccine, aluminium hydroxide gel vaccine and the oil-adjuvant



Fig 2: Scheme for routine laboratory diagnosis of haemorrhagic

septicaecmia. (From De Alwis, 1995)
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vaccine. Most countries use local strains as seed and fermentors for large-scale
growth of the cultures. The seed is periodically passaged in a natural host in
order to retain its full complement of antigens. It has been estimated that at least
1.5-2.0 mg of dry whole bacteria is required to immunise an animal. Thus
vaccination needs the production of dense cultures, and enriched media are now
used for this purpose. Growth-promoting additives such as yeast extract are
incorporated and growth is enhanced by aeration. Finally, formalin at a final

concentration of 0.3- 0.5 percent is used to inactivate the cultures (De Alwis,

199)5).

Broth bacterins confer only an immunity of very short duration, and dense
bacterin may cause an endotoxic shock and are useful only in the face of

outbreaks. The alum-precipitated and aluminium hydroxide gel vaccines are

believed to confer only 4-5 months of immunity and need be given twice

yearly. These vaccines are used in the face of outbreaks in Sri Lanka
(Wijewardana, 1992). Oil-adjuvant vaccines confer 6-9 months of immunity.
This vaccine is traditionally prepared by emulsifying bacterin and mineral oil

with lanolin to produce a pure white, thick emulsion. For prophylactic

purposes, the 4-6 months old calves are vaccinated with two initial doses

followed by annual revaccination to provide adequate immunity.

Considerable research has been carried out in order to produce an improved

vaccine. These range from the low-viscosity double-emulsion vaccine (Verma

and Jaiswal 1997) to using immunising fractions (Zhang et al., 1994), purified

capsular extract vaccine (Boyce and Adler, 2000), a stable, avirulent
streptomycin- dependent mutant (De Alwis and Carter, 1980), and a non-HS
type B:3,4 isolate from fallow deer (Myint and Carter, 1989). All these have
shown varying degrees of effectivness. However, because of certain

disadvantages, they have failed to yield a practical vaccine. These types of

vaccines are discussed later.
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1. 3. 6. Vaccination strategies

Vaccines have been used with varying degrees of success against a number
of infectious diseases. Vaccination consists of the administration of antigens, in
the form of live attenuated or killed microorganisms or as purified individual
components in acellular vaccines with the aim of inducing a protective immune
response against the disease-causing microorganism. One of the first attempts
to prevent disease in this way came when material from smallpox lesions was
inoculated into non-sufferers. This so-called variolation was highly successful
in preventing subsequent attacks of smallpox, but caused death from smallpox
in two percent of those inoculated. The technique was improved considerably
in 1796 when Jenner introduced vaccination, using cowpox rather than

smallpox material. Vaccination against smallpox has been highly successful

since Jenner's innovation, so that by 1979 smallpox as a disease was

considered to be globally eradicated (Maskell and Dougan, 1988).

A modern vaccine, for humans or animals, must meet several requirements
in order to gain general acceptance. The task of fulfilling all these requirements

leads to major problems associated with developing new vaccines. A successful

vaccine must elicit a sufficiently strong and long lasting response in the arms of

the immune system responsible for protection. This requires that protective
antigens be administered in a way that will induce the correct type of immunity.
The most effective immunity is often present in individuals who have recovered
from a natural infection. In the past, pathogenesis of infectious diseases has
had little influence over vaccine design. Many old vaccination schemes
involved the parenteral administration of inactivated whole microorganisms or

specific virulence factors. With a few notable exceptions this has proved to be

an inefficient approach.

The vaccine should be safe. Even killed whole organisms are often capable,

following injection, of inducing serious side effects or disease. For example,
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whole-cell killed typhoid vaccine contains large amounts of endotoxic
lipopolysaccharide which can cause swelling and pain at the site of injection. In
more serious cases typhoid vaccination can lead to encephalitis and even death.
Often the risks of side effects are considered worth taking. Vaccination against

smallpox carried a risk of 1/1,000,000 of death. These risks were worth taking

in an attempt to eradicate a disease prevalent worldwide and with a mortality of
up to 45%, but would probably not be acceptable for other milder infections

(Maskell and Dougan, 1988).

In order to be effective, a vaccine must stimulate a protective immune
response, antibody or cell-mediated, against the appropriate antigens at the site
of infection or microbial replication. It must protect against infection by
organisms following the normal route of infection. Furthermore, the ideal
vaccine is one that provides complete protection for the lifetime of the host to

the largest realistic challenge dose of the most virulent strains. It must also be

cheap enough so that all those at risk,whether humans or animals, even in the

poorest countries, can be vaccinated.

The vaccination programme against HS varies. Some countries that still use
the alum-precipitated vaccine administer it annually before the rainy seasons,
so that maximum protection is provided when it is required most. Vaccination
before the onset of a monsoon or sometimes at the onset of an outbreak of the
disease is practised in most countries. Verma and Jaiswal (1998) has reviewed
vaccination programmes against HS with information on the type of vaccines,

their dose, route and duration of immunity in different countries (Table 2).

1. 3. 7. Haemorrhagic septicaemia vaccines

1. 3. 7. 1. Broth bacterins

It has been over 100 years since the discovery of prophylactic vaccination of

cattle against HS with killed vaccines. In the last century, different workers



Table 2: Haemorrhagic septicaemia vaccination practices in different countries

Country

India

Indonesia

Thailand

Malaysia

Vietnam

Sn Lanka

Cambodia

Myanmar

Phillipines

Nepal

Iran*

[Table based on Verma and Jaiswal (1998) review]

Type of vaccine

Alum-precipitated vaccine
Alumnium hydroxide gel
Oil-adjuvant vaccine
Oil-adjuvant vaccine
Animals older than 5 months
vaccinated every 6 months,

Alumnium hydroxide gel,

contains 3x1010C.F.U/ Dose
of P. multocida serotype B:2
Alum-precipitated vaccine

Oil-adjuvant vaccine
Alum-precipitated vaccine
(Two 1njections per year)
Oil-adjuvant vaccine
Oil-adjuvant vaccine. Cattle and
buffalo vaccinated at 4-6 months
and given a booster 3-6 months later,
followed by annual vaccination
Alum-adjuvant vaccine
give twice a year
Live vaccine contain 107 C.F.U./
dose of P. multocida serotype B:3,4
Killed alum adjuvanted vaccine
booster every 6 months
Alum- precipitated vaccine
Alum- precipitated vaccine

combined with Black leg vaccine

give twice a year

Dose

3 ml
3 ml
3 ml
3 ml

3 ml

S ml
3 ml
2 ml

2 ml
3 ml

2 ml

2 ml

5 ml

5 ml
2-3 ml

* personal communication from Razi Institute of Iran

Route

s.C.
S.C.
1.m.

1.m.

S.C.

S.C.
1.m.

S.C.

1.Im.

1.m.

S.C.

1.N.

S.C.

S.C.

S.C.

Duration of Immunity

4- 6 months

4- 6 months
1 year or more

up to 1 year

3-4 months

4-6 months
up to 1 year

4- 6 months

up to 1 year

up to 1 year

3-6 months

| year

4-6 months

6 months

4-6 months
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inactivated the bacteria by chemical or physical procedures and thou gh these

vaccines can induce protection against HS under field conditions. they only

promote short-term protection. Chorherr (Cited by Verma and Jaiswal, 1998).

studied formalin-or heat-inactivated P. multocida vaccines. The index of

protection was higher with the heat-inactivated vaccine than the formalinised
vaccine. He did not find any improvement in its protectivity by the addition of
various adjuvants. A vaccine prepared from a strain isolated from cattle and

buffaloes, and consisting of a suspension of lysed bacteria in 5% (v/v) saponin

to provide a continous antigenic' stimulus, did not find much use due to
undesirable tissue damaging effect at the vaccination site, (Verma and Jaiswal

1998). The main problem with broth bacterin is short-term immunity of about 6

weeks (Chandrasekaran, 1994,). Also, De Alwis (1995) reported that broth
bacterins confer immunity for only a few weeks and dense bacterin may cause

shock reactions.

1.3.7.2. Alum-precipitated and aluminium hydroxide gel vaccines
These vaccines against HS have been used for over 50 years. As described

by Edelman (1980), two principal methods are used to prepare vaccines
containing aluminium adjuvant. In the first method, a solution of alum [Al
(3504)2.12H20)] is added into the antigen to form a precipitate of protein
aluminate; the product so obtained has been termed alum-precipitated vaccine.
In the second method, antigen solution is added to preformed aluminum
hydroxide, aluminium phosphate, mixed aluminium hydroxide plus phosphate
or gamma aluminium oxide; the resulting preparations have been called
aluminium-adsorbed vaccines. These vaccines are believed to confer immunity
for 4-5 months and need be given twice yearly (De Alwis, 1995). They are
still used in Southern India, Central Africa and appear to be the most popular
vaccine used in Asian countries. De Alwis et al. (Cited by Verma and Jaiswal,
1998) reported a controlled trial in Sri Lanka using a standard vaccine

containing 2.5 mg of bacteria per dose and this gave protection for up to 4
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months. Alum-precipitated vaccines in conjunction with levamisole have been
reported to increase antibody titres significantly (Sharma et al., 1980). The
efficacy of alum-precipitated vaccine in protection against challenge for HS
has been reported (Chandrasekaran et al., 1994 a). They found that all
buffaloes vaccinated with alum-precipitated vaccine were completely protected

for up to 6 months post-immunisation.

1. 3. 7. 3. Oil-adjuvanted vaccines

Shaking together two immiscible liquids can form a simple emulsion with
little stability, but addition of an emulsifying agent can overcome this problem.
This emulsifying agent is very important in influencing the type of emulsion
that is produced, for example for water-in-water emulsion, lanolin has been
used and Arlacel A for water-in-oil emulsion. One of most popular materials
used as an adjuvant is mineral oil. Some of these adjuvants can stimulate
cellular immunity and enhance protection in cattle against a high challenge dose
of virulent strains of P. multocida. Chandrasekaran et al. (1994 a) compared
immunological and protective properties of broth bacterin and oil-adjuvant
vaccines. The total volume of the vaccines used was 5.0 ml, containing 2.25 X
1010 C.F.U./ ml of P. multocida serotype 6:B strain. They found that broth
bacterin protected buffaloes just for a few weeks post-vaccination against
experimental challenge with P. multocida wild-type strain, whereas the oil-
adjuvant vaccine protected the buffaloes for up to 12 months. As was found by
Herbert (1968), water-in-oil emulsion releases antigens over a longer period of
time than do aluminum products and they can delay absorption of antigen and
stimulate mononuclear cells to produce antibody at local and distal sites. The

main problems with adjuvanted vaccine seem to be the extent of local tissue

inflammatory responses (Ahmed et al., 1974).

Shah et al. (1997) evaluated immunisation against HS induced by

vaccination of buffalo calves with an improved oil-adjuvant vaccine and they
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found that this new vaccine conferred protection for about one year with a
single dose of vaccine. Mineral oil, Marcol 52, was used as adjuvant together
with Span 85 and Tween 80 as emulsifiers. The vaccine is easily injectable
intramuscularly and did not show any local or systematic adverse reaction. Also
the vaccine appeared to be stable for more than 3 years at room temperature 1n

tropical areas of Pakistan.

Evaluation of various adjuvants, like aluminium hydroxide, oil adjuvant,
multiple-emulsion and sodium alginate in HS vaccines in rabbit showed that the
oil adjuvant and multiple emulsion were good adjuvants for protection and

produced the highest agglutination titres for up to 91 days post-vaccination

(Lalrinliana et al., 1988).

1. 3. 7. 4. Multiple Emulsion (ME) vaccine

Although the oil-adjuvant vaccine provides a higher degree of immunity in
cattle and buffaloes than other vaccines, its main disadvantage is high viscosity
that can cause poor injectability and a local swelling at the site of inoculation
(Verma and Jaiswal, 1997). For these reasons vaccines based on thinner
emulsions preparations were evaluated. Verma and Jaiswal (1997) showed that
the viscosity of oil adjuvant vaccines may be reduced by re-emulsifying it with
an equal volume of Tween 80 and producing a ME vaccine. For this work a
formalin-killed, oil-adjuvant vaccine was prepared from P. multocida cultured
on agar and resuspended the bacteria in saline to 3.0 X 109 organisms per ml.
The vaccine contained 15 parts of bacterial suspension, 10 parts liquid paraffin
plus one part lanoline as emulsifying agent. Finally this oil adjuvant vaccine
was mixed with an equal volume of 2% (v/v) Tween 80 in formol saline and
blended in a mixer. This new ME vaccine was shown to be stable, of low
viscosity and easy to administer to experimental animals. It overcame the
problem of local reaction at the site of inoculation, which sometimes happens

with oil adjuvant vaccines. The results of immunity trials in calves have shown
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that ME-HS vaccine is protective for up to one year against challenge infection

with wild-type P. multocida strains (Verma and Jaiswal, 1997).

1. 3.7.5. Outer membrane protein (OMP)

Lu et al. (1988) showed that a 37.5 kDa outer-membrane protein of P.
multocida serotype A:3 was a promising vaccine candidate in rabbits because it
was a strong immunogen and protective against homologous challenge.
Protection in mice was afforded against heterologous challenge only if the
challenge strain possessed the 37.5 kDa antigen. Antibodies against P.
multocida OMP in rabbit immune sera had an inhibitory effect against P.

multocida proliferation in mice (Lu et al., 1991)

Abdullahi et al. (1990) investigated the outer-membrane protein profile of
P. multocida serogroup A:3 and they attempted to define a protective
immunogen by working on immunogenicity of outer-membrane proteins in a

mouse septicaecmia model. However, they found that the major outer-membrane

proteins were not protective antigens in the mouse model of pasteurellosis.

Recently, Pati er al. (1996) evaluated immunogenicity of outer-membrane
proteins of P. multocida serogroup B:2 strains in buffalo calves in comparison
with a commercial oil-adjuvant vaccine. They showed that calves vaccinated
with either vaccine developed the highest mean log10 ELISA titre at 21 days
post vaccination. Following subcutaneous challenge of the vaccinated animals
with virulent P. multocida strain, all the 5 buffalo calves given OMP vaccine

survived whereas only 2 of three buffalo calves in the HS vaccinated group

survived.

1. 3. 7. 6. Anti-idiotype antibodies

Purified LPS from Gram-negative organisms has generally been found to be
poorly immunogenic (Sutherland, et al., 1993). Rebers et al. (1980) reported

that LPS of P. multocida was poorly immunogenic in mice in its purified form,
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but protective in chicken. However, a protein-LPS complex protected mice,

rabbits and chicken (Rebers and Heddleston 1974; Ganfield et al., 1976). Also
Philips and Rimler (1984) and Rimler and Brogden (1986) found that LPS has

been recognised as a major immunogen in ribosomal vaccines against serotypes
A and D respectively. The poor immunogenicity of purified LPS is probably

due to it being a low molecular weight linear molecule which 1s a T cell

independent polyclonal B cell activator (Sutherland, et al., 1993).

As an alternative to using LPS, a strategy of using anti-idiotype antibodies

as vaccine antigen (Hiernaux, 1988), which mimic LPS, was evaluated by

Sutherland et al. (1993). Idiotypes are recognition sites located at or near the

antigen binding site of an antibody molecule. Anti-idiotype antibodies are
antibodies against an idiotype or another antibody molecule. Manipulation of
the idiotypic network also has potential as an alternative means of vaccination
as shown in Figure 3 (Zhang et al., 1994). Although anti-1diotypic vaccines are

unlikely to replace a majority of the conventional vaccines, they have some

advantages such as no antigenic toxicity to the host, in some cases less cost to
manipulate, easily produced, no antigenic variation and the avoidance of
disease outbreak resulting from reversion of attenuated vaccines. Also, anti-
idiotypic antibodies can mimic antigens that are difficult to synthesise or isolate
in the laboratory. The induction of an active immune response by idiotypic
antibodies has been shown by Sutherland et al. (1993) who found that
polyclonal anti-idiotype antibodies could be produced to mimic the linear P.
multocida lipopolysaccharide molecule. The antibodies, when used as a vaccine
antigen, induced antibodies that recognised LPS and imparted acquired
protection when vaccinated mice were challenged with homologous organisms

of P. multocida capsular type A isolated from bovine pneumonia.



Fig 3: A simplified schematic of the idiotypic network in poultry.

A chicken immunised with an antigen having a unique epitope produces
specific antibodies, noted as AB1 idiotype (anti-P. multocida antibody). This
antibody can be isolated from serum or eggs. AB1 inoculated into a second
chicken induces the synthesis of an AB2 antibody (anti-idiotype) response.
[solation of AB2 is also possible from serum and eggs. Immunisation of a
third chicken with affinity isolated anti-idiotype results in production of AB3
or anti-anti-idiotype antibody. The anti-anti- idiotype antibody reacts with the

original antigen even though the third chicken has never been exposed to the

original antigen. (From Zhang et al., 1994)

(PmAg: P. multocida antigen)
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1. 3.7.7. Live attenuated vaccines

Currently available parenteral inactivated vaccines are not very effective for
prevention of diseases caused by enteric or respiratory bacteria. They do not
induce a strong local immune response and, for invasive pathogens such as

Salmonella typhi, they do not induce cell-mediated immunity. Thi led to much

work on development of live attenuated vaccines for these types of pathogens.

Vaccination with live attenuated organisms is important because live

attenuated vaccines mimic natural infections, without causing disease

symptoms, and can leave an individual with strong, long-lasting immunity.
Also, protection against some infections needs mucosal or cell-mediated
immunity that live vaccines can induce better than killed vaccines. Finally, live

vaccines are often cheap and easy to administer. One of the main problems with

l1ve vaccines in the past was that of reversion to virulence.

Two main strategies have been used in the past to obtain attenuated vaccines.
A closely-related relatively avirulent micro-organism can be sought which
induces protection against the pathogen in question, e.g. Mycobacterium bovis
in BCG vaccine for tuberculosis or Vaccinia virus for smallpox. Alternatively,
a pathogenic strain can be passaged many times in vitro until it loses
pathogenicity, e.g., Sabin polio vaccine and the BCG vaccine strain. The latter
type of vaccine can be problematic. The genetic lesion causing attenuation 1s
often ill-defined and the strain could revert, causing vaccine-induced disease.
Genetic manipulation techniques have led to the possibility of overcoming the
problem of reversion, by introducing defined gene deletions. Recombinant
DNA techniques, transposon mutagenesis and other modern methods are only
now having an impact on the development of new bacterial vaccines. Efficient

human and veterinary vaccination with easily prepared and administered

vaccine strains could then ensue, resulting in decreased incidences of these

insidious diseases world-wide. Experimentally, using animal models,the most
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successful vaccines have been those based on live attenuated micro-organisms
which set up a limited, clinically insignificant infection in the host that mimics
infection by the virulent pathogen but arms the immune system to respond to

further infection. Such vaccines include Salmonella typhimurium aro vaccine in

calves (Ramos et al., 1998), a streptomycin-dependent mutant of Salmonella
typhi (Curtiss, 1990), and aro or cya Salmonella typhi strains in man (Tacket
et al., 1992), and Pasteurella multocida live streptomycin-dependent strains that
act as immunogens in turkeys (Chengappa et al., 1978; Briggs and Skeeles

1983), (Table 3).

Many vaccines in current use are not very effective at inducing long-lived
immunity. More effective vaccines are needed but the mechanisms of

pathogenecity and the important virulence factors involved are ill-defined. The
antigens responsible for natural immunity are unknown. For this reason, there
has been increasing interest in the use of "rational attenuation" to construct live
attenuated bacterial strains that would not revert to virulence in the host. This
has been well established for other bacterial pathogens in animal models (Table
3). The introduction of certain auxotrophic mutations in different genes, whose

functions are essential for bacteria to survive and grow in vivo and thus cause

disease, into the genome of virulent strains of different bacterial species,

renders them avirulent for experimental models or natural hosts.

It is generally accepted that live vaccines confer better immunity than killed
vaccines. De Alwis and Carter (1980) observed that susceptible buffalo calves
exposed to natural HS infection and survived, developed considerably higher
levels of antibody and immunity of longer duration than those vaccinated with
oil-adjuvant vaccines. It was postulated that this immunity is caused by natural

exposure to live virulent organisms in subinfective numbers.



Table 3: Individual genes in which mutation gives rise to attenuation in some pathogen species

train one
Aeromonas hydrophila aroA
Bacillus subtilis aroA
Bordetella pertusis aroA
Ervinia amylovora galE
Neisseria gonorrhoeae aroA
Neisseria meningitidis galE
Pasteurella haemolytica aroA
Pasteurella multocida A:3 aroA
Pasteurella multocida galE
Salmonella typhi pab
Salmonella dublin pur
Salmonella typhimurium aroA
Salmonella typhi aroA, C, D
Salmonella typhimurium dap
Salmonella typhi purA
Salmonella typhi purHD
Salmonella typhimurium purA
Salmonella typhimurium aroB
Salmonella typhimurium galE
Salmonella typhi galE
Salmonella typhimurium cya, crp
Salmonella typhimurium phoP
Salmonella enteritidis aroA
Salmonella typhimurium ompR
Shigella flexneri aroA, D
Yersinia enterocolitica aroA
Yersinia pestis aroA
4 Amino acid vDihydroxybenzoic acid
References:

1. Bowe et al. (1989)
4. Chatfield et al. (1992)
7. Curtiss and Kelly (1987)

10. Edwards and Stocker(1988)
13. Germanier and Furer (1973)
16. Hoiseth and Stocker (1981)

19. Hone et al. (1987)

22. Jennings et al. (1993)
25. Lascelles et al. (1988)
28. Moral et al. (1998)

31. O'Callaghan er al. (1988)
34. Robertsson et al. (1983)

2. Brown and Stocker (1987)

5. Clark and Gyles (1987)
8. Dorman et al.(1989)
11. Galan and Curtiss (1989)
14. Gunel-Ozan et al. (1997)
17. Homchampa et al. (1992)
20. Hone et al. (1988)
23. Killer and Eisenstein (1985)

Mutant phenotype

Requirement for aromatic A.A%,

PABA™ and DHBAY
Requirement for aromatic A.A,
PABA and DHBA
Requirement for aromatic A.A,
PABA and DHBA
Renders cells reversibly rough
Requirement for aromatic A.A,
PABA and DHBA
Renders cells reversibly rough
Requirement for aromatic A.A,
PABA and DHBA
Requirement for aromatic A.A,
PABA and DHBA
Renders cells reversibly rough
Requirement for PABA
Requirement for purines
Requirement for aromatic A.A,
PABA and DHBA
Requirement for aromatic A.A,
PABA and DHBA
Requirement for diaminopimelic acid

Requirement for adenine

Requirement for hypoxanthine
and thiamine

Requirement for adenine

Requirement for aromatic A.A,
PABA and DHBA

Renders cells reversibly rough

Inefficient transport and use of

carbohydrates and AA and inability

to synthesise cell surface structure

Regulates genes for acid

phosphatase and virulence
Requirement for aromatic A.A,

PABA and DHBA
Outer membrane protein,
modulates porin expression
Requirement for aromatic A.A,
PABA and DHBA
Requirement for aromatic A.A,
PABA and DHBA
Requirement for aromatic A.A,

JA LI [ . L3 A
A DA dallill 17111 N0

*Para amino benzoic acid

6. Cooper et al. (1994)
9. Dougan et al.(1989)

21. Hone et al. (1991)

26. McFarland and Stocker (1987) 27. Metzgeretal. (1994)

29. Mukkur et al. (1987)
32. Oyston et al. (1996)
35. Tacket et al. (1992)

30. Noriega et al. (1994)
33. Roberts et al. (1990)

36. Verma and Lindberg (1991)

3. Chamberlain et al. (1993)

12. Germanier and Furer (1971)
15. Henestrosa et al. (1997)
18. Homchampa et al. (1994)

Reference

28
24

33
27

3
22

18

17

15

2

26
9,16,29
25,34,23

4,9,35,21

10
31

14
12,19,20
13

11

30,36

24. Krispin and Allmansberger (1998)
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Prolonged in vitro passage of P. multocida strains can lead to considerable

attenuation, but this has the drawback of possible reversion to their original

virulence especially on animal passage.

In the last three decades, different work has been done on chemically or
physically altered live vaccines. Wei and Carter (1978) mutagenised a P.
multocida type B strain with N-methyl-N-nitro-N-nitrosoguanidine (NMG) to
obtain a genetically stable streptomycin-dependent mutant, from which a live
vaccine was prepared that was highly immunogenic in mice and rabbits. De
Alwis and Carter (1980) successfully immunised calves with the live
streptomycin-dependent mutant by subcutaneous or intramuscular routes with

one or two doses of vaccine. Also, streptomycin-dependent strains of P.

multocida serogroups A:l1 and A:3 produced after NMG and acriflavin
(diaminoacridine salts) treatment were reported to be immunogenic in cattle,
swine, sheep and rabbit, and protected against challenge with the wild-type

strains (Chengappa et al., 1979; Kucera et al., 1981; Lu and Pakes, 1981). The

molecular basis of the mutations was unknown.

A live vaccine of a serologically-related strain of P. multocida (serotype
B:3, 4) to the HS-causing organism was isolated from deer and used in calves
for protection against HS (Myint et al., 1987). This vaccine, when inoculated
subcutaneously showed some toxicity and was lethal in a few young buffalo
calves but by the intranasal route it was safe and protection was reported
against subcutaneous challenge (Myint and Carter 1989; 1990). It does have the
advantages of apparent absence of anaphylactic shock, protection for up to a
year, easy preparation, a relatively small dose and, when lyophilised,
prolonged viability (Myint and Carter, 1990). This vaccine strain is rough and
serologically different from typical HS strains that carry B:2 antigens. The
difference in somatic antigens (type 3 and 4 carried by the vaccine strain and

type 2 found in HS cultures) seems to be responsible for the reduction 1n
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virulence, whereas the identical capsular type B helps in the development of

protective immunity against HS (Myint, 1992). It has been used extensively by
the intranasal route in several districts in Myanmar, and absence of outbreaks in

these areas is reported, suggesting its efficacy against infection by natural

routes (Carter et al., 1991). This vaccine deserves a more comprehensive trial.

When using mutants which are not genetically defined, their stability is a
matter for concern. Homchampa et al. (1992, 1994) constructed by
recombinant DNA techniques aroA mutants of P. multocida serogroup A:1 and
P.haemoytica biotype A:1 containing a KmR cassette inserted into the aroA
gene. These was done by using a suicide vector approach. They found that they
were attenuated 1n a mouse model and protected the mice against wild-type
challenge. Interestingly, the antibody levels in mice immunised with one or two
doses of P. multocida aroA mutant did not show significant differentiation,
suggesting a single dose may be sufficient for protection, but in compare, the

antibody levels in mice which received two doses of P. haemolytica aroA

mutant were approximately 50% higher than those which received single dose.

Homchampa et al. (1997) reported the cross protective immunity conferred
by a marker-free aroA mutant of P. multocida serotype A:1. They found that
the new marker-free aroA mutant strains were highly attenuated in the mouse
model. Also, they showed that these mutant strains could confer protective
immunity against homologous and heterologous (serotype A:3 strain) challenge

with one or two doses of vaccine, but not against other biotypes.

1. 3. 8. The approaches used for production of attenuated vaccine strains

with defined mutations

Many genetic manipulation experiments require the exchange of mutations
either between strains, from plasmid into the chromosomal DNA or from the

chromosome onto plasmids. Several widely used allelic exchange systems have

been developed to facilitate these tasks.
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1. 3. 8. 1. Use of plasmid incompatibility in selectable marker exchange

The properties of plasmid incompatibility, particularly that of IncP1 group,
have been widely used as a means for marker exchange in a variety of Gram-
negative bacteria (Ruvkun and Ausubel, 1981). This method can be used with
any selectable marker, the fragment to be recombined contains a selectable
marker such as kanamycin resistance (KmR) and is cloned into a broad host
range IncP1 plasmid [such as a tetracycline resistant (TcR) pLAFR derivative,

Friedman et al., 1982] and maintained in an E. coli host. This plasmid 1s
introduced into the strain in which the mutation is to be recombined by
electroporation or mating but, due to the large size of plasmid, mating 1s
preferred. The pLAFR plasmids require helper functions for their mobilisation
as provided by strain such as SM10 which contains a copy of plasmid RP4

integrated into the chromosome (Simon et al., 1983). Recipients now carrying
the pLAFR plasmid are then mated with a strain carrying a second transmissible

IncP1 plasmid with a different selectable marker. Plasmid pPH1JI is a large
self-transmissible plasmid which confers gentamycin resistance (GmR) and is
often used for this "kickout" step. By selection for GmR and KmR and

appropriate counter selection against the plasmid pPHI1JI donor cells,
exconjugants arise that have lost the original IncP1 pLAFR plasmid; however,

they retain the KmR marker that is now integrated into genomic DNA via the

homology surrounding the insertion (Fig. 4).

Generally, constructs that incorporate the antibiotic resistance marker within
the genomic fragment of interest are first constructed on a small defined

plasmid and then cloned into pLAFR for the allelic exchange into the

appropriate recipient species.

1. 3. 8. 2. Use of conditional replicons ("suicide plasmids”) as a means of

constructing genetic duplications and null alleles



Fig 4: Allelic exchange of a TnphoA fusion using the IncP1 system.

The donor strain carries a pLAFR plasmid containing gene X that is disrupted
with a phoA gene fusion marked by KmR (phoAKmR) as would be the
situation for a mutation generated by TnphoA mutagenesis. The plasmid is
present in a mobiliser strain such as SM10. This donor is mated with a
recipient which carries a marker that will be used for counterselection against
the donor, in this case SmR (A). Transconjugants from A are mated with a
second IncP1 plasmid (e.g., pPH1JI) that confers GmR (B). Transconjugants
from a second mating are selected on agar containing gentamycin and

kanamycin for acquisition of the plasmid and retention of KmR marker (C).

Tcd transconjugants are grown under conditions that promote curing of the

GmR plasmid. (From Maloy, et al., 1996)
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Plasmids that are conditional for their replication can be used to create
defined duplications within a target genome. In this case, a DNA fragment is
cloned into a plasmid and then tntroduced into a recipient strain in which the
plasmid cannot replicate. Thus, selection for an antibiotic resistance marker
carried by the plasmid, results in isolates that have integrated the plasmid into

the genome via homology between the cloned DNA fragment and a

corresponding region of the recipient chromosome.

Plasmid vectors used for this type of mutagenesis must have special
properties desirable for such insertional mutagenesis, such as conditional
replication to allow for selection of chromosomal integration, and must have a

selectable marker and should be transferable to different bacterial species and

finally must carry unique cloning sites.

1. 3. 8. 3. Use of suicide vectors for allelic exchange of non-selectable

mutations

If the mutation or construction is initially induced on a plasmid, allelic
exchange can be utilised to replace the wild type chromosomal copy of the gene
with the altered gene. Such replacements are usually easily achieved only if the
mutation is either the result of, or closely linked to, a selectable marker such as
antibiotic resistance gene. If one of the duplicated sequences carries only a
mutation, some of the resolved products will remove the wildtype sequence
and leave the mutation in the chromosome (Fig. 5). The frequency with which
the mutation becomes incorporated into the chromosome is influenced by the
position of the mutation within the region of homology. In the absence of a
method to select for loss of the integrated plasmid, a large number of colonies

must be screened just to find those that had excised the plasmid sequences.

One marker that has been used to select for loss of an integrated plasmid that
does not carry a selectable marker is the sacB gene from Bacillus subtilis. The

sacB gene encodes the enzyme levansucrase, a 50 kDa enzyme secreted into the



Fig 5: Use of suicide vectors for allelic exchange of nonselectable mutations

(A). Chromosomal integration of a plasmid carrying a mutation (*) on a cloned

fragment by homologous recombination generates a heterodiploid strain.

(B). Two possible excision events (a or b). Excision of the plasmid by
homologous recombination on the opposite side of the mutation from which

the integration occurred (excision b) results in allelic exchange of the mutation
from the plasmid to the chromosome. The excised, non-replicating plasmid is

lost upon cell division. (From Maloy, et al., 1996)



Fig 5:
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culture medium by Bacillus subtilis after induction by sucrose. Expression of
this enzyme 1s toxic for Gram-negative bacteria such as E. coli, Agrobacterium
tumefaciens and Rhizobium meliloti, (Blomfield et al., 1991; Gay et al., 1985)
grown 1n the presence of 5% (w/v) sucrose, causing cell lysis within 1 h or
inhibition of growth because of levansucrase secretion. Thus, only colonies
that have removed sacB by recombining out the integrated plasmid sequences
can survive in the presence of sucrose. In practice, some sucrose resistant

colonies can arise from alterations in either the sacB gene or its expression,

rather than by deletion of vector from chromosome. Thus, colonies arising
from this selection are subsequently screened for concomitant loss of antibiotic

resistance marker to ensure that the sucrose resistant phenotype is due to loss of

the integrated plasmid. This approach has been used in construction of un-
marked mutations in Helicobacter pylori vacA gene (Copass et al., 1997) and
construction of an eae deletion mutant of enteropathogenic E. coli (Donnenberg
and Kaper, 1991). Also, sacB selection was used successfully by Akerley et al.
(1995) and Tejada et al. (1996) in Bordetella pertussis and Bordetella

bronchiseptica, respectively, for construction of AbvgAS and un-marked

mutation in the frlAB or frlA (flagellar) gene.

Another strategy to select for loss of the integrated plasmid utilises the E.
coli rpsL gene that encodes ribosomal protein S12. Integration of the plasmid
carrying wild type rpsL into a streptomycin resistant strain carrying a
chromosomal mutation in rpsL result is production of a streptomycin sensitive
strain. This occurs because the mutation is recessive to the wild-type protein.

Such a plasmid is pRTP1 a suicide vector for allelic exchange 1n Bordetella

pertussis (Stibitz et al., 1986, Stibitz, 1994).

The inability of colE1-based plasmids to replicate in some bacterial species
has also been exploited for allelic exchange in P. multocida (Nnalue and

Stocker, 1989: Azad et al., 1994). The high efficiency of allelic exchange,
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especially as achieved with the selective marker, make it feasible to physically

screen chromosomal integration of mutations for which there is no phenotypic
screen. Such approaches are also useful for confirming mutations for which

there 1s no phenotypic screen or selection. They generally involve analysis of

an amplified product generated by polymerase chain reaction (PCR) using

primers that flank the region of interest. The presence of insertion or deletion

mutations that alter the size of particular DNA fragment can be determined

directly by gel electrophoresis of the amplified products.

As mentioned, one approach to attenuating P. multocida has been to

develop nutritional auxotrophs by interrupting the pathway for biosynthesis of

aromatic metabolites which renders the strains dependent on p-aminobenzoic
acid (PABA) and 2,3-dihydroxybenzoate, substrates not available to bacteria in
mammalian tissues. Such mutants are unable to synthesis chorismic acid, an
important precursor of aromatic compounds. Aromatic amino acids and other
compounds containing an aromatic ring structure are bio-synthesised in
bacteria, fungi and plants via the pre-chorismate or shikimate pathway, utilising
erythrose-4-phosphate and phosphoenolpyrovate as precursor substrates. In

bacteria, the seven enzymes in the pathway ultimately produce the compound

chorismate (Fig. 6). Chorismate is the precursor of the aromatic amino acids
(L-tyrosine, L-tryptophan and L-phenylalanine) as well as other aromatic ring-
containing compounds such as quinones and folate. The five central steps of
the pre-chorismate pathway are fused as a single pentafunctional enzyme called
AROM in a number of lower eukaryotes (Hawkins et al., 1993). In contrast,
the corresponding enzymes of the pathway in the prokaryotes occur as
monofunctional enzymes and their structural genes are scattered throughout the
genome (Gunel-Ozcan et al., 1997). As a consequence of this auxotrophy, the
mutated bacteria should not have sustained proliferation within mammalian

hosts, but they will reside and grow for long enough to stimulate protective

immune responses. The introduction of certain auxotrophic mutations in genes



Fig 6: Genes, enzymes and metabolites comprising the shikimate (pre-

chorismate) pathway in Salmonella typhimurium
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such as the aroA gene that produces 5-enolpyruvyl-shikimate-3-phosphate
(EPSP) synthase and catalyses the sixth step in shikimate pathway into the
genomes of a variety of prokaryotes including Salmonella spp. (Hoiseth and
Stocker, 1981; Mukkur et al., 1987), Bordetella pertussis (Roberts et al.,
1990), Bacillus subtilis (Yazdi and Moir, 1990), Pasteurella multocida
(Homchampa et al., 1992), Aeromonas hydrophila (Moral et al., 1998) and
Yersinia enterocolitica (Bowe et al ., 1989) (Table 3) renders them avirulent for
mice . Mice immunised with the appropriate dose of defined aroA mutants are

generally well protected against a subsequent challenge with the virulent

parental strain.

Mutation in the biosynthesis of surface components can create attenuated

mutants of some bacterial species in experimental models. Dougan et al. (1989)
reported that many rough variants of virulent Salmonella strains are less
virulent than smooth parent strains. The smooth-to-rough phenotypic change
involves loss of the ability to synthesise or assemble the O-specific side-chains
of the surface lipopolysacchride (LPS) molecules. The LPS of Gram- negative
bacteria is a major surface component present only in the outer leaflet of the
outer membrane (Fig. 7). The LPS molecule consists of three covalently linked
regions: the lipid A, which anchors the molecule in the outer membrane; the
core, and the O-side chain. Galactose may be present in the O-antigen, and is

also a constituent of the core portion of the LPS (Henestrosa et al., 1997).

Enterobacteria utilize galactose by the Leloir pathway (Adhya, 1987).
Metabolism of galactose requires the epimerization of uridine diphosphate
(UDP)-galactose to UDP-glucose (Fig. 8). The galE product, UDP-Gal-4-
epimerase, catalyses both this reaction and the reverse (Adhya, 1987). UDP-
galactose is used as the donor for both core and O-polysaccharide biosynthesis.

Thus galE mutants grown in glucose alone as a carbon source are unable to

produce wild-type LPS structures on the cellular surface (Robertson et al.,



Fig 7: The Gram-negative bacterial envelope.

It contains 3 different parts; plasma membrane, periplasmic space and

peptidoglycan and outer membrane. The LPS component of the outer

membrane consist of three sections: lipid A, core and O-specific side

chains. (From Prescott et al., 1993)



Fig 8: Schematic representation of the Leloir pathway for galactose

metabolism and incorporation of exogenous galactose into the LPS of
galE mutants by Salmonella typhi illustrating the stage sensitive to
galactose (X X). Note that glucose-1-phosphate generated from

 galactose after the galactose-1-phosphate uridylyltransfrase step is
recycled to UDP-glucose by the uridinediphosphoglucose synthetase
reaction. (Adapted from Walker, 1987)
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1993) and exhibit a rough colonial morphology due to incomplete LPS. If the
growth medium is supplemented with galactose, cells begin to synthesise a
smooth LPS with complete O-side chain, probably utilising galactokinase and
galactose-1-phosphate-uridyl transferase (Dougan et al., 1989). However, galE

mutants accumulate a toxic phosphorylated derivative of galactose and autolyse.
In this respect, the galE gene seems to play a role in the virulence of some

bacteria, since it has been shown that galE mutants of Salmonella

typhi,Salmonella typhimurium, Haemophilus influenzae and Erwinia
amylovora are less virulent than their respective wild-type strains (Hone et al.,
1988; Dougan et al., 1989; Maskell et al., 1992; Metzger et al., 1994). Dougan

et al. (1989) found that a loss of the O-specific side chain but maintenance of a

complete core in Salmonella typhi resulted in a two-log increase in LD5( after

intraperitoneial (i.p.) inoculation in BALB/c mice. Also, they found that a

mutation in rfaF that affected core LPS structure increased the LD5(Q an

additional two-logs. Mutations that result in even shorter LPS structures are

quite fragile, sensitive to detergents and have lost all virulence. Thus, LPS, on

the basis of such rough mutants, has been implicated both as a virulence

determinant and as a candidate protective antigen. With the exception of galE

mutant, rough strains have not found use as Salmonella vaccines, although a

spontaneously rough variant of Salmonella dublin has been sold for some time

as a live cattle vaccine.

Nevertheless, the behaviour of the galE mutants is not the same in all
bacterial species, since the pathogenic potential of strains of Salmonella typhi
defective for this gene is not affected in humans (Hone er al., 1988).
Henestrosa et al. (1997) reported the importance of the galE gene on the

virulence of P. multocida serogroup D and they showed that its galE mutant

was slightly attenuated in a mouse model.
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Another approach to attenuating P. multocida used here is by creating

mutation in the cya (adenylate cyclase) gene. As was showed by Curtiss and
Kelly (1987), Salmonella typhimurium deletion mutants lacking adenylate

cyclase (AC) and cyclic AMP receptor protein are avirulent and immunogenic in

mice. Cyclic AMP (cAMP) in E. coli is known to play a regulatory role in gene

transcription via its receptor protein and catabolite gene activator protein. These
are transcription regulators of many genes and operons concerned with the
transport and breakdown of catabolites. Systems used for transporting carbon
sources and several amino acid permeases are all under positive control by
cAMP. Adenylate cyclase is the enzyme that converts ATP to cAMP. Aiba et al.
(1984) cloned and sequenced the adenylate cyclase structural gene (cya) of E.

coli and a model for the regulation adenylate cyclase activity has been
proposed. On the basis of genetic experiments, it was suggested that the
phosphorylated form of enzyme III-glucose, a component of
phosphotransferase system, was an activator of adenylate cyclase (Mock et al.,

1991). When glucose transport takes place, the intracellular concentration of

phosphorylated enzyme I1I-glucose decreases and correlates with a decrease in

intracellular cAMP concentration.

Mock et al. (1991) cloned the P. multocida adenylate cyclase gene and
expressed it in E. coli and they found that the P. mulrocida protein shares

several regions of identity with E. coli and Erwinia chrysanthemi adenylate

cyclases.

1. 3. 9. Immune and protective mechanisms

1.3.9. 1. Naturally acquired immunity

De Alwis and Carter (1980) described naturally acquired immunity to HS. In
Sri Lanka, where high, moderate and low HS incidence areas can be identified,

the naturally acquired immunity comes from sub-clinical infection.

Occasionally, cattle have been found in Australia and USA with antibodies that
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will protect mice against challenge with P. multocida 6:B (De Alwis, 1982).
Antibodies against P. multocida capsular types B and E, which cause HS, were
demonstrated in a high percentage of sera from domestic feeder calves that had
not been vaccinated with any Pasteurella organisms. These antibodies were

considered to be naturally acquired (Sawada et al., 1985). Naturally acquired

antibody has been demonstrated in sera from buffalo and Zebu cattle in HS
enzootic areas of Asia and Africa (Bain, 1954; Peereau et al., Cited by Verma
and Jaiswal, 1998). De Alwis (1982) reported that when susceptible buffalo

calves are exposed to natural infection with haemorrhagic septicaemia agent,
some calves succumb to disease while the others develop varying degrees of
immunity which is most instances is considerably higher than that induced by

vaccination. Immunity has been attributed to protective antibodies that develop

following non-fatal exposure and can persist for more than one year in some

animals (Carter and De Alwis, 1989).

1. 3. 9. 2. Humoral and cell-mediated immune responses

There has been little work done on the surface components of P. multocida
that contribute to interference with ingestion by phagocytosis. Mahesavaran and
Theis (1979) studied phagocytosis of a non-capsulate P. multocida strain and
an encapsulated type B strain by qualitatively measuring the uptake by bovine
neutrophils of H3-thymidine-labelled bacteria in the presence of heat-stable and
heat-labile opsonins. The non-capsulated strain was completely phagocytosed
in the presence of normal and heat-inactivated bovine serum, which indicated
that heat-labile factors in serum (complement) were not involved In
opsonization. Encapsulated capsular type B strain was found to interfere with
opsonization with normal serum. While testing the efficacy of alum-precipitated
bacterin that provided protection to challenge, complement-fixation titres
against whole cell bacteria, but not titres against saline capsular extract, were

closely correlated with resistance (Sharma et al., 1980). Cytophilic and opsonin
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adhering antibodies were produced in rabbits immunised with oil-adjuvant

vaccine and challenge infected with P. multocida (Maurya and Jaiswal, 1996).

The protective immune response to HS vaccination has long been attributed
to humoral responses and can be transferred to native animals with serum from
vaccinated animals (Maurya and Jaiswal, 1996). Outside the passive protective
effect, very little is known about the kinetics of antibody response following
oil-adjuvant vaccine or bacterin adminstration or even what constitutes a

protective response, the functional classes of antibody involved in protection

and the bacterial antigens responsible.

The majority of immune responses to vaccination in animals has been

studied on the basis of data on morbidity/survival (Collins, 1973). The humoral
response 1n a mouse protection test has been widely used as a relatively reliable
assessment of immunity in cattle and buffalo. Vaccination of animals elicits a
humoral immune response, and the presence of circulating antibody in cattle
and buffalo correlates with immunity (Carter, 1967). Dhanda (Cited by Verma
and Jaiswal, 1998). showed that levels of circulating antibodies were
detectable from the first week up to 18 months post-vaccination with oil-
adjuvant vaccine. It has been difficult to determine whether these protective

antibodies operate by a bactericidal or an opsonizing mechanism (Wijewardana

et al. 1990; Rimler and Jaiswal, 1998).

ELISA and immunoblotting techniques used to examine the humoral
immune response to P. multocida in bovine sera from Indonesia and Malaysia
showed elevated levels of antibody in vaccinated animals. The serum antibody
response of buffalo immunised with three conventional HS vaccines, viz. broth
bacterin (BB), alum-precipitated vaccine (APV) and oil adjuvant vaccine (OAV)
and one experimental double emulsion vaccine (DEV), was determined by
ELISA. Antibody levels were significantly higher in buffaloes immunised with

the adjuvanted vaccines (APV, OAYV, and DEV) than those immunised with BB
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alone. There also appeared to be a relationship between ELISA titters and active
protection in buffaloes (Verma and Jaiswal, 1998). A preliminary analysis of
the antibody 1sotypes in the sera of buffalo immunised with the oil-adjuvanted
vaccines showed the anti-Pasteurella activity to be associated predominantly
with IgG1 or IgG2 isotypes. The principal response to OAV and bacterin
vaccination was the IgG response with only a mild and transient IgM response,
and the major protective role was due to the IgG antibody class. There appeared
to be an association between pre-challenge antibody titers and protection in
buffaloes following challenge. Buffaloes with initial high antibody levels were
protected, whereas those buffaloes with low levels succumbed to challenge. No
minimum antibody level necessary for protection has been attributed because of
the difference in the types of methods of antigen preparation. Verma and
Jaiswal (1997) measured the antibody response by indirect haemagglutination
assay (IHA) and ELISA in cross-bred male calves immunised with multiple
emulsion (ME) HS vaccine. In their study, an animal with a minimum pre-
challenge IHA titre of 80 withstood the challenge infection with virulent P.

multocida. However, because of the variation in the pre-challenge titre among

the group of animals, no minimum level of pre-challenge antibody titre could be

proposed.

There is no evidence of a role of a cell-mediated immune (CMI) response
in HS (Bain et al., 1982). However, the involvement of cell-mediated
immunity cannot be discounted in protection (Wijewardana et al., 1990). One
of the reasons for not studying the role of cell-mediated immune response in
cattle is that P. multocida has not been described as a facultative intracellular
bacterium. As reported by Carter (1967), Hunter and Woebester (1980),
Collins (1973) and Snipes et al. (1987) P. multocida appears to multiply
extracellularly in the turkey and by inference, in other animals as well. The
other reason is largely a humoral response in HS. However, avian serotype A

strains of P. multocida have been reported to invade cultured mammalian cells
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(Lee et al, 1994; Adler et al, 1996; Rabier et al, 1997), but other serotypes
have not been examined. The leukocyte migration-inhibition test (LMIT) has

been described as an indicator of the cell-mediated immune response (Timms,

1974). Verma and Jaiswal (1997) reported more than 20% leukocyte
migration-inhibition in calves immunised with ME vaccine both at pre-
challenge and post-challenge intervals, thus indicating the involvement of cell-

mediated immune mechanisms.

1. 3. 10. Critical appraisal

Since the discovery of the attenuated P. multocida responsible for fowl
cholera, and the first use of bacterin to prevent HS, more than a century has
passed in which numerous efforts have been made to develop a suitable and

cost-effective HS vaccine. Most success in HS vaccinology has been obtained
with oil-adjuvant vaccines and recently, a live vaccine has been used i1n
Myanmar (Table 2). Both of these vaccine types offer immunity for up to one

year. Because the respiratory tract is the natural route of entry of Pasteurella,

healthy animals carry the organisms that cause HS in their nasopharynx , and

such animals are considered as seeds of an HS outbreak. Local secretory
antibodies (specific IgA) are produced due to intranasal vaccination with live

HS vaccine, which may be an advantage in preventing natural infection of HS.
Another potential success in vaccinology has been the development of a
multiple emulsion vaccine, which provided immunity for 52 weeks (Verma and

Jaiswal, 1997), but this experimental vaccine is yet to go into field use.

It has been established from epidemiological studies of P. multocida that a
high level of immunity is obtained following arrested infection (De Alwis,
1982; Verma and Jaiswal, 1998). This observation indicates the need to
develop a safe, avirulent, stable variant strain that should produce the important
immunogens in vivo when administered as a live vaccine. Alternatively,

1dentification of the important immunogens responsible for the high level of
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immunity attained on natural exposure needs to be done and development of
artificial media to support in vitro expression of these immunogens or
expression of recombinant proteins by DNA manipulation. Adjuvants have
played a great role in the development of HS vaccine, and the duration of
immunity depends on the type of adjuvant used. The use of adjuvants,
including the new generation of adjuvants (Verma and Jaiswal, 1998) should
be evaluated to give an easily injectable vaccine. But as mentioned in Table 2,
the components used in vaccines, such as aluminium hydroxide gel, alum and

mineral oil, can themselves elicit a humoral immune response.

Immune mechanisms in HS have been poorly understood. Investigation into
the immune mechanisms, virulence determinants, comparison of live vaccines,

killed vaccines and the carrier state are some important areas that have been

suggested as future lines of research (Verma and Jaiswal, 1998).

1. 4. Objectives of research and experimental plan:
To construct defined attenuated strains, and to develop a general

methodology that could be readily applied to a large number of vaccine strains

of P. multocida B:2. The ultimate goals were:

1. Construction of live defined, attenuated (e.g. aroA, cya, galE) mutants

of P. multocida strains that cause haemorrhagic septicaemia 1n cattle and

buffalo

2. To test these attenuated strains in a mouse experimental model for their

degree of attenuation and their protective properties.

3. Construction of marker-free deletion of the original mutants that showed

promise as potential vaccine strains.

4. To do the above work in P. multocida strains of different geographical

origin.



2. MATERIALS AND METHODS

2. 1. General bacteriological procedures

2. 1. 1. Sources of bacteria

All bacterial strains used in this study are given in Table 4. Strains were

available from culture collections within the Division of Infection and

Immunity, University of Glasgow or were available commercially.

2. 1. 2. Plasmids

Plasmids used 1n this study are given in Table 5.

2. 1. 3. Bacterial growth, storage and media

The compositions of the following media are given in the Appendices. Luria
Bertani (LB) broth, Luria Bertani (LB) agar, Brain Heart Infusion (BHI) broth,
Cyclodextrin liquid (CL) medium, BHI agar, Blood Agar (BA), Bordet-
Gengou (BG) (Appendix 5. 16) medium, SOC, Terrific broth and Pasteurelia
Minimal Medium (PMM). All media were sterilised by autoclaving at 15 p.s.1.

(121°C) for 15 min except where stated. Heat-labile ingredients such as

antibiotics were sterilised by filtration through a sterile 0.22 pm filter (Gelman

Sciences, USA). Glassware was sterilised by heating to 160 C for 2 hrs.

All strains were stored frozen in 50% (v/v) glycerol in BHI broth or LB at
-80 C. P. multocida strains from the frozen glycerol stocks were subcultured

routinely on Blood Agar (BA) or BHI agar medium with the supplementation

of 5% (v/v) defibrinated sheep blood (B& E laboratories, Scotland).

2. 1. 4. Growth of E. coli

E.coli strains were subcultured on LB agar medium. All plates were

incubated at 37 C overnight. Liquid cultures of the strains were grown in the



Table 4: Bacterial strains used in this study

TSt | Gewpe | Souree/ Remarks
E. coli supE44 lacU169 (80lacZM15) Infection and Immunity,
DHSa hsd R17 recAl endAl gyrA96 University of Glasgow

thi-1 relAl

E. coli recAl endAl gyrA96 thi-1 hsdR

17 supE44relAl lac[F proAB

' lacZD M15 Tnl0 (TcR)

E. coli thi thr leu tonA lacY supE Infection and Immunity,
recA::RP4-2-TcR:: Mu, KmR
Bordetella Wild type, standard strain for mouse Infection and Immunity,

E. coli F’ {laclq, Tn10(TcR)} mcrA (mrr-
TOPI10F hsdRMS-mcrBC) 80lacZ M1S5 lacX74 Invitrogen
- deoR recAlaraD139 (ara-leu) -
7639 galU galK rspL(SmR) endA1 nupG
P. multocida Isolated from a case of
P. multocida
P. multocida
| e | me
JRMT2 (JRMT11 derivative see below) This work
P. multocida
P. multocida
P. multocida



Table 4: (continued)

P. multocida
P. multocida P. m. Quetta cya::Ap™ /aroA::Km™ Sm
(derivative of JRMT?2)
P. multocida
P. m. 85020+ pJRMT29 (KmR-sacR -sacB)
P. multocida
P. m. Quetta+ pJRMT29 (KmR-sacR-sacB)
P. multocida Spontaneous SmR derivative of
P. multocida Spontaneous SmR derivative of
P. multocida Quetta strain
P. multocida

P. multocida
JRMTI13

P.m. 85020 cya::Ap™ /aroA::Km
(derivative of JRMT]1)

P. m. Quetta AaroA (142 bp)
ApR= Ampicillin resisrance
SmR= Streptomycin resistance

KmR= Kanamycin resistance

This work

This work

This work

This work

This work

This work

This work

This work



Table S: The plasmids used in this study

Plasmic haracteristics purce/Reference
pTAg ApR KmR cloning vector 4.8 kb R&D Systems
pCR-Script CmR Cloning vehicle 3.4 kb Stratagene
pCRII-TOPO ApR KmR PCR cloning vector 4.0 kb Invitrogen
pUCI19 ApR Plasmid vector 2.7 kb This lab
PACYCI184 TcR ApR 4.24 kb This lab
pUC4K ApR KmR Origin of the KmR cassette 3.91 kb Pharmacia
pAKA16 ApR cloning shuttle vector 53kb  Azad et al. (1994)
pAKAI9 ApR cloning suicide vector 50kb Azad et al. (1994)
pEG18.3 KmR-sacR-sacB 11.8 kb Cotter*
pJRMT1 ApR KmR aroA::pTAg (aroA from P.m. 85020) 5.02 kb This work
pJRMT2 ApR KmR aroA::pTAg (aroA from P.m. Quetta) 502kb  This work
pJRMT3 ApR aroA::pAKA19 (aroA from pJRMTI) 6.23 kb This work
pJRMT4 ApR aroA::pAKA19 (aroA from pJRMT2) 6.23 kb This work
pJRMTS ApR KmR Km::pJRMT3 (KmR from pUC4K) 7.47 kb This work
pJRMT6 ApR KmR Km::pJRMT4 (KmR from pUC4K) 7.47 kb This work
pJRMT7 CmR cya::pCR-Script (cya from P.m. 85020) 5.9 kb This work
pJRMTS CmR cya::pCR-Script (cya from P.m. Quetta) 5.6 kb This work
pJRMTY CmR KmR Km::pJRMT7 (KmR from pUC4K) 5.99 kb This work
pJRMTI10 CmR KmR Km::pJRMT8 (KmR from pUC4K) 5.69 kb This work
pJRMT11 ApR TcR Ap::pACYC184 (ApR from pAKA16) 4.8 kb This work
pJRMT12 ApR KmR cya::pAKA19 (cya from pJRMT9) 804kb  This work
pJRMT13 ApR KmR galE ::pCR-II Topo (galE from P.m. 85020) 5.02kb  This work
pJRMT14 ApR KmR galE ::pCR-II Topo (galE from P.m. Quetta) 5.02kb  This work
pJRMT15 ApR galE::pUCI19 (galE from pJRMT13) 3.72 kb This work
pJRMT16 ApR  galE::pUC19 (galE from pJRMT14) 3.72kb  This work
pJRMT17 ApR KmR Km::pJRMT15 (KmR from pUC4K) 496 kb  This work
4.96 kb This work

pJRMTI1S8

ApR KmR Km::pJRMT16 (KmR from pUC4K)



Table S: (continued)

pJRMT19
pJRMT20
pJRMT21
pJRMT22
pJRMT23
pJRMT24
pJRMT25
pJRMT26
pJRMT27
pJRMT?28
pJRMT29

pJRMT30
pJRMT31

pJRMT32
pJRMT33
pJRMT34
pJRMT35
pJRMT36

pJRMT37
pJRMT38
pJRMT39

pJRMT40
pJRMT41
pJRMT42
pJRMT43
pJRMT44

pJRMT45
pJRMT46

ApR KmR galE::)pAKAI19 (galE from pJRMT15)
ApR KmR galE::pAKA19 (galE from pJRMT16)
ApR CmR Ap::pJRMT7 (ApR from pJRMTI1)
ApR CmR 1’\1:4::PJTM'I'8 (ApR from pJRMT11)
ApR KmR AaroA::pTAg (aroA from pJTMT!)
ApR KmR AaroA::.pTAg (aroA from pJTMT?2)
ApR KmR AaroA::pTAg (aroA from pJRMT1)
ApR KmR AaroA:: pTAg (aroA from pJRMT2)
ApR AgalE::.pUC19 (galE from pJRMT15)
ApR AgalE:: pUCI19 (galE from pJRMTI6)
ApR KmR sacB:: PAKAI16 (sacB from pEG18.3)

ApR KmR  sacB:: pAKAI19 (sacB from pEG18.3)
ApR AaroA::pAKA19 (AaroA from pJRMT2S)

ApR AaroA::.pAKA19 (AaroA from pJRMT26)
ApR KmR sacB::pJRMT31
ApR KmR sacB:.pJRMT2

7.27 kb
7.27 kb
6.52 kb
6.22 kb
4.4 kb
4.4 kb
4.87 kb
4.87 kb
3.63 kb
3.63 kb
9.1kb
8.8 kb
6.15 kb
6.15 kb
9.95 kb
9.95 kb

ApR KmR AgalE::pCR-II Topo (galE from pJRMT27) 6.15 kb

ApR KmR AgalE: pCR-II Topo (galE from pJRMT28) 6.15 kb

ApR AgalE::pAKA19 (galE from pJRMT35)
ApR AgalE::.pAKA19 (galE from pJRMT36)
ApR KmR sacB::pJRMT37

ApR KmR sacB::.pJRMT38

ApR AgalE::pUC19 (galE from pJRMTI5)
ApR AgalE:: pUCI19 (galE from pJRMT16)
CmR Acya::pCR-Script (cya from P.m. 85020)
CmR Acya:: pCR-Script (cya from P.m. Quetta)
CmR Acya:: pCR-Script (cya from P.m. 85020)
CmR Acya:: pCR-Script (cya from P.m. Quetta)

59kb
5.9 kb
9.7 kb
9.7 kb
3.47 kb
3.47 kb
4.74 kb
4.74 kb
5.67 kb

5.37 kb

This work

This work
This work
This work

This work

This work
This work
This work
This work
This work
This work
This work
This work
This work

This work
This work

This work
This work
This work

This work
This work

This work
This work
This work

This work
This work

This work
This work

*Gift from Dr. P. Cotter, Department of Microbiology, Immunology and Moecular Genetics, UCLA

school of Medicine, University of California, U.S.A.
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corresponding broth media in a Untversal containers or dimpled conical flasks

with shaking overnight on an orbital shaker at 150-200 rpm at 37 C. When
required, antibiotic-resistant strains were grown on agar or in liquid media

containing the appropriate antibiotic concentration.

2. 1. 5. Growth of P. multocida

P. multocida strains from the frozen glycerol stocks were subcultured
routinely on BA or BHI agar medium with the supplementation of 5% (v/v)

defibrinated sheep blood. Liquid cultures of the strains were grown in the BHI

broth medium in Universal containers or dimpled conical flasks with shaking
overnight on an orbital shaker at 150-200 rpm at 37 C. When required,

antibiotic-resistant strains were grown on agar or in liquid media containing the

appropriate antibiotic concentration.

2. 1. 6. Isolation of spontaneous streptomycin-resistant strains
P. multocida 85020 and Quetta strains were grown overnight (1012 cells
ml-1) in BHI broth with shaking at 37 C. A 100 pl portion of each culture was
spread on BHI agar supplemented with 5% (v/v) sheep blood and streptomycin

(100 ug ml-1). The seeded plates were allowed to dry and then incubated at

37 C for 2-3 days. Streptomycin resistant colonies were picked, and therr
phenotype confirmed by subculture on agar medium containing the same

concentration of streptomycin. All these strains were stored in 50% (v/v)

glycerol at -80 C.

2. 2. Antibiotics

Antibiotics used in this study are: ampicillin (Ap), chloramphenicol (Cm),
tetracycline (Tc), kanamycin (Km), streptomycin (Sm), gentamycin (Gm),

polymyxin (Pm) and carbenicillin (Carb). All antibiotics were obtained from

Sigma.
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The sterile antibiotic solution was added to broth or agar media, after they

had been autoclaved and then cooled to =55 C. The concentrations of the

antibiotics used in selective media were (Ug ml‘l): Ap (50), Cm (30), Tc (15),
Km (50), Sm (100), Gm (350), Pm (350) and Carb (60).

2. 3. DNA extraction

2. 3. 1. Genomic DNA Extraction
Following growth of the bacteria in appropriate broth culture, the genomic
DNA was extracted according to the method of Ausubel et al. (1990). Cells

from 1.5 ml of an overnight liquid culture of P. multocida in 5 ml BHI broth
were harvested by centrifugation at 13,000 rpm for 4 min in a Heraeus
Medifuge and the bacterial pellet resuspended in 567 pul of TE buffer (Appendix
5. 5), by repeated pipetting. 30 ul of 10% SDS (w/v) and 3 pl of proteinase K
(20 mg ml-! in distilled water) were added and mixed thoroughly to give a final

concentration of 100 pg ml-1 proteinase K in 0.5% SDS. The cell mixture was

incubated at 37 C for 1 h and 100 pul of 5 M NaCl and 80 pl of CTAB [10%
CTAB (w/v) in 0.7 M NaCl] were added, mixed thoroughly and incubated at

65 C for 10 min in a water bath. After incubation, 750 pl of chloroform:
isoamyl alcohol (24:1) (Sigma) was added and vortexed for 30 sec. The
mixture was centrifuged at 13,000 rpm for 5 min and the aqueous phase was
transferred into a clean microfuge tube to which was added 750 pl of phenol:
chloroform: isoamyl alcohol (25:24:1) (Sigma). This was vortexed and
centrifuged as above and the aqueous phase transferred to a clean tube. The
DNA was precipitated by addition of 0.6 vol. of isopropanol (Sigma). The
precipitated DNA was pelleted by centrifugation at 13,000 rpm for 5 min and
washed with 1 ml of 70% (v/v) ethanol and re-centrifuged for 5 min at 13,000
rpm. The supernatant fluid was removed and the pellet dried briefly at room

temperature and finally dissolved in 100 pl of TE buffer and stored at -20 C.



43

2. 3. 2. Plasmid DNA Extraction

Plasmid DNA was isolated according to the QIAprep miniprep procedure
(Qragen), based on alkaline lysis of bacterial cells followed by selective
adsorption of plasmid DNA onto a silica gel membrane in high-salt buffer and
subsequent elution in low-salt buffer. This procedure is a modification of the
alkaline lysis method of Birnboim and Doly (1979). Bacteria are lysed under
alkaline conditions, and the lysate is subsequently neutralised and adjusted to

high-salt binding conditions in one step, and the lysate cleared by
centrifugation. The plasmid DNA is adsorbed on to the silica-gel membrane of

QIAprep columns and RNA, cellular proteins, and metabolites are not retained

on the membrane upon washing but are found in the flow-through. Washing
buffer and high-quality plasmid DNA is then eluted from the QIAprep column

with distilled water to efficiently remove salts. The purified plasmid DNA 1s

stored at -20 C.

2. 4. Restriction endonuclease digestion of DNA

Restriction endonuclease enzymes were purchased from different

manufacturers and used according to the suppliers' instructions. The suppliers’

names, reaction buffers and recognition sequences of restriction enzymes used

In this study are given in Table 6.

Restriction enzyme digestion was routinely performed in a 20 pl volume
containing approximately 2 pg of DNA, 8 to 20 units of enzyme (2 pl) and
reaction buffer diluted to 1 fold. Sterile distilled water, reaction buffer (10x),
DNA solution and restriction enzyme were sequentially added to a sterile
microfuge tube placed on ice and mixed gently by tapping the tube. The
reaction mixtures were incubated overnight at the appropriate temperatures

(generally 37 C, unless otherwise specified) and analysed by gel

electrophoresis in 0.7 to 2% (w/v) agarose.



Table 6: The restriction endonucleases used in this study

Restriction

2 NZYME
Accl
AflLI

Apall

Aval
Avall

BamH]I
Bglll
Bgll
Bsml
Earl
EcoRl

EcoRV
Hindlll
Hpal
Nsil
Pstl
Pvull
Sacl
Sacll
Scal

Smal
Xhol

Recognition
>quence

5'..GTL{ATAC...3’

5'...GTICGAC...3'
5'..C{TTAAG...3'

5'...GYTGCAC...3'

5'...ClpyCGpuG...3'
5'...G{GTCC...3'

5'...GLGATCC...3'
5'..AlGATCT...3'

5'. GCCNNNNINGGC.3'
5'...GAATGCNJ...3'
5'...CTCTTC(N)14...3'
5'..GYAATTC...3'

5...GATI{ATC...3'

5...AJAGCTT...3
5'..GTTJAAC...3

5'...ATGCAIT...3'
5'...CTGCA!lG...3'
5'...CAGICTG...3'
5'...GAGCTIC...3'
5'...CCGC{GG...3’
5'...AGTVACT...3'
5'...CCCY{GGG...3'
5'...C{TCGAG...3'

Reaction
yuffer

NEBuffer 4

NEBuffer 2+ BSA

0.5xU.Buffer

1 xU.Buffer
IxU.Buffer

IxU.Buffer
Optimal buffer 4

NEBuffer 3
NEBuffer 2
NEBuffer 1
NEBuffer EcoRI
React 2 buffer

Buffer #3
NEBuffer 4

NEBuffer Nsil
NEBuffer 3
NEBuffer 2
Optimal buffer 4
Optimal bufter 4
NEBuffer Scal
NEBuffer 4

React 2

Supplier
namn

Biolab
Biolab

Stratagene

Stratagene
Stratagene

Stratagene
Stratagene
Biolab
Biolab
Biolab
Biolab
Gibco BRL

Stratagene
Biolab

Biolab
Biolab
Biolab
Stratagene
Stratagene
Biolab

Biolab
Gibco BRL
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2. 5. Agarose gel electrophoresis

2. 5. 1. Sample preparation

The sample DNA (5-30 ul) was mixed with 6xX DNA loading buffer
(Appendix 3. 9) in a ratio of 5:1 prior to loading into the wells. About 4 ul of
gel-loading buffer was mixed with each restriction digest and the mixture was
centrifuged briefly to remove bubbles before loading onto the gel. Different

types of DNA size markers were used, depending on the topological forms and
the fragment sizes of DNA. For calculating the sizes of uncut plasmids, a

supercoiled DNA marker (11 fragments) (Gibco BRL, Paisley, UK) was used.
For sizing the digested or linearised DNA fragments, 1 Kb DNA marker (23

fragments) (Gibco BRL) was used.

2. 5. 2. Gel preparation
Agarose (type II-A medium EEO, Sigma) was suspended in 0.5x Tris-

borate-EDTA (TBE) buffer (Appendix 5. 6) at a suitable concentration and
heated until the agarose was completely dissolved. The solution was allowed
to cool (hand-hot) and ethidium bromide (Bio-Rad, UK) was added to a final

concentration of 0.5 pg/ ml. A gel tray was prepared by taping the edges with
adhesive tape and the gel cast to the desired thickness. Upon setting, the gel

was immersed in 0.5x TBE buffer in a horizontal submarine electrophoresis

tank (E-C Apparatus Corporation, USA).

2. 3. 3. Electrophoresis
A powerpack (model SL3655, Scotlab, UK) was used to provide a constant

voltage corresponding to 1-5 volts/ cm2, Electrophoresis was carried out until

the marker dyes migrated an appropriate distance.

2. 5. 4. Visualisation of DNA
An UV transilluminator (model TM-40, UVP Inc., California, USA) was

used to visualise the ethidium bromide-stained DNA. Images were stored
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electronically as appropriate using the Ultra Violet Products Gel Documentation
System-Image Store 5000, version 7.2 (Ultra Violet Products, Cambridge,
UK). Images were printed using a video graphic printer (model UP-860,
Sony). Where appropriate, photographs were captured with Fotolook (version

2.07.2 Agfa, UK) using a flatbed scanner (model Studioscan IIsi, Agfa).

Electronic images were edited using Adobe Photoshop 3.0 and images labelled

with Microsoft Powerpoint 4.0.

2. 5. 5. Elution and purification of DNA from agarose gel

Before proceeding to the cloning protocol, DNA fragments were eluted and

purified from agarose gel by the GenEluteTM Agarose spin column

(SUPELCO) or QIAEXII Gel Extraction kit (QIAGEN).

The DNA band of interest was excised from an ethidium bromide-stained
agarose gel with a sharp scalpel under long wave UV light. For the GenElute
agarose column procedure, 100 ul of TE buffer (Appendix 5. 5) were added to
the column which was positioned in the top of a microfuge tube, centrifuged
for 5 sec at maximum speed (13,000 rpm) in a Heraeus microcentrifuge. The

agarose gel slice containing DNA was then placed in the washed spin column,

which was put on top of a clean tube and centrifuged for 10 min at maximum

speed (13,000 rpm) in the microcentrifuge. The DNA was collected in a
volume of approximately 30-50 ul TE buffer.

For QIAEXII Gel Extraction kit, the gel slice was put in a pre-weighed
microfuge tube. About 3 volumes of buffer QX1 and Qiaex resin (10-15 ul)
were added and incubated at 55 C in a water bath for 10 min with shaking
every 2 min until the agarose was dissolved. Following centrifugation for 1
min at 13,000 rpm the supernate was removed. The pellet was then washed
once with 500 ul of Buffer QX1 and twice with 500 pul of buffer PE, with
centrifugation as before. The resin/ DNA pellet was air-dried, 10-25 pl of

sterile distilled water was added and, after incubation for 5 min at SOnC, the
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resin was removed by centrifugation as before and the eluted DNA in a volume

of approximately 20 ul distilled water and retained for immediate use or stored

at -20 C.

2. 6. Estimation of DNA concentration
The concentration of DNA was estimated by measuring the absorbance at

260nm in a 1 cm quartz cuvette in a spectrophotometer (Shimadzu recording

spectrophotometer UV-240) and by applying the equation:

Concentration of DNA (ng/ ul)= AB 260nmx 50 x dilution factor

Alternatively, the approximate concentration of DNA fragments was

determined visually on agarose gel, by comparison of their staining intensities

with those of known quantities of marker DNA of a similar size.

2. 7. Concentration of DNA

To precipitate and concentrate the DNA, 3 volumes of ethanol 95% (v/v)

and 0.1 volume of 3 M sodium acetate (pH 5.3) was added to the sample,
mixed and the resultant mixture stored at either -20 C overni ght or at -80 C for

30 min depending on the time available. The sample was then centrifuged at
15,000 rpm (Biofuge, Rotor: HFA 14.2) for 15 min and the supernate
discarded. The DNA pellet was washed with cold ethanol 70% (v/v) and dried

at room temperature for 10-15 min. The DNA was resuspended in an

appropnate volume of sterile distilled water and if necessary heated to 65 'C for

30 min to aid dissolving.

2. 8. Polymerase chain reaction (PCR)

2. 8. 1. PCR prnimers

During primer design, care was taken to avoid potential internal secondary

structure and where possible a GC clamp was engineered at the 3' end of the

primer. Additionally, for PCR, primers were checked for overlap, potential for
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secondary structure and for compatible Tm values. Tm values were calculated

according to the equation:
Tm(C) = 4(G+C)+2(A+T)-5C

Primers (50 nmol, desalted and deprotected) were obtained from Gibco
BRL (Paisley, UK) and resuspended in sterile distilled water to give final

concentrations of S0 pmol/ pl for PCR. Table 7 shows the primers used in this

study.

2. 8. 2. Components of PCR
Except where otherwise stated, the reaction mixture (25 jtl) contained (final

concentration) 10 mM Tris-HCI (pH 8.4), 50 mM KCl, 3.0 mM MgCl2, 0.2
mM of each deoxynucleoside triphosphate (dNTPs) (Life Technologies
Paisley, Ltd. UK), 100 pmol each primer, 1.0 U of Tag DNA polymerase (Life
Technologies Ltd, Paisley, UK) and 2.5 ul of template DNA preparation. The

PCR assays were performed in 0.5 ml microfuge tubes (Sarsted Ltd.,

Leicester, UK).

2. 8. 3. Conditions for PCR

Amplification was done in a Hybaid thermal cycler (model: Touchdown,
Hybaid Ltd, Middlesex, UK) using 35 cycles of denaturation at 94 C for 1
min, annealing at 55 C for 30 sec, extension at 72 C for 6 min with a final

extension at 72 C for 6 min. The products of the PCR were stored at -20 C or

used immediately.

2. 8. 4. Analysis of amplicons

The amplified products (8-10 pl) were mixed with 2 pl of 6-fold loading
buffer (Appendix 5. 9) and electrophoresed in a 1% (w/v) agarose gel. The
1 Kb DNA ladder was used as DNA molecular weight markers.
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2. 9. CLONING

2. 9. 1. PCR product cloning

2.9. 1. 1. Cloning into pCR-ScriptT™

Cloning was performed using the pCR-Script™ cloning kit (Stratagene,
Cambridge, UK) according to manufacturer’s instructions. This procedure
involves blunt cloning of the "polished” PCR product into a pre-digested Srfl
vector site. The ligation occurs in the presence of Srfl, which reduces the
frequency of vector self-ligations. PCR products were electrophoresed in
agarose gel, purified by gel extraction kit (QiaexII) and then "polished" to
generate blunt ends (section 2. 9. 4). The polished PCR product was then

added to the ligation reaction containing the following:

pCR-Script™ Cm SK(+) cloning vector (10 ng/ ul) 1.0 ul
pCR-Script 10 reaction buffer 1.0 pl
ATP (10 mM) 0.5 ul
Polished PCR product 2-4 ul
Srfl (5 U/ ul) 1.0 ul
T4 DNA ligase (4 U/ pl) 1.0 pl

The ligation mixture was mixed gently and incubated at room temperature

for 1 h, then incubated at 65 C for 10 min, transformed into E. coli (section 2.

10. 2) and a blue-white screen was performed (section 2. 10. 3).

2.9. 1. 2. Cloning into pCR®2.1-TOPO cloning vector
PCR products were routinely cloned using the pCR®?2.1-TOPO vector
Included in the TOPO-TA cloning kit (Invitrogen, The Netherlands).

Amplicons of interest were excised following agarose gel analysis and DNA

extracted using the QiaexII kit. The DNA was resuspended to a concentration

of approximately 50 ng/ pl. Ligation of the PCR product into pCR®2.1-TOPO

was performed according to manufacturer’s instructions. Briefly, 4 ul of
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cleaned PCR product was mixed gently with 1 pl of TOPO mix (containing

topoisomerase, prepared pCR®2.1-TOPO and ligation buffer). After

incubation for 5 min at room temperature, the mixture was put onto 1ce.

Immediately, one vial of TOP10F' One Shot competent cells were thawed
gently on ice and 2 ul mercaptoethanol (0.5 M) was added. To the cells, 2 pl of
the ligation mix was added with gentle mixing. After incubation on ice for 30
min, the cells were then heat-shocked at 42 C for 30 sec in a water bath and
returned to ice for 2 min. SOC medium (Appendix 5. 7) 250 pul was added to

the vial and the cells shaken at 37 C for 2 hrs before 100 pl aliquots were

spread on selective agar medium.
2. 9. 2. Standard cloning protocol

2.9. 2. 1. DNA preparation

Vector and insert DNA were subjected to restriction enzyme digestion to
obtain complementary cohesive overhangs and the resultant fragments were
gel-purified. DNA concentrations were estimated according to section 2. 6 and

ratios determined as follows:

vector X 2 kb insert = ? ng insert DNA to every 100 ng vector for a 1:1 ratio
? kb vector

Insert: Vector ratios of 1: 1 and 3: 1 were commonly used.

2.9. 2. 2. Ligation strategies

Ligation reactions were performed in a total volume of 10 pl using 3 units of
DNA ligase (Promega, USA) and Promega ligase buffer. After incubation at
16 C for 18 h the reactions were transferred to 4 C for 2 hrs. The ligase was

inactivated by heating to 70 C for 10 min and the products stored at -20 C until

use.
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2. 9. 2. 3. Ligation Express Kit

The ligation was performed according to the manufacturer’s instructions
(Clontech). Compatible vector and insert termini were prepared and ratios

calculated as described previously (section 2. 9. 2. 1). Approximately 300 ng
of total DNA was used per reaction (maximum volume of DNA solution was 7
ul). To the DNA was added 1.5 ul of plasmid ligation buffer, 1.2 ul of ATP
(10 mM) and 1.0 pl of T4 DNA ligase (100 U). After thorough mixing the

reaction was incubated for 30 min at 16 C. To this, 1 il of glycogen (20 pg),
85 ul of distilled water and 250 ul of ethanol 100% was added. The DNA was

precipitated using a dry ice/ ethanol bath for 30-60 min and the DNA recovered
by centrifuging at 15,000 rpm in a Biofuge (Rotor HFA 14.2). After careful
removal of the supernate, the pellet was briefly air-dried and a wash in ethanol

70% (v/v) was performed to remove salts. The DNA was resuspended in 5 pl

of distilled water and stored at -20 C.

2. 9. 3. Dephosphorylation of linearized DNA

In order to prevent linearized vectors from self-ligation or recircularization