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SUMMARY
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This study has shown that three species of Aardetella B bronchiseptica,
A avium and B parapertussis, are capable of growth in vertebrate
tracheobronchial washings (TBW), while 2 pertussis is not. A total of nine
samples of TBW from man, horse, mouse, rabbit, sheep, dog and chicken
exhibited differences in growth-supporting abilities as judged from colony
counts on Bordet-Gengou (BG) agar plates (from inocula of about 2000
CFU/mli). Single samples of TBW from horse and mouse gave higher
stationary-phase counts of & bronchusseptica and £ avium than any of the
other TBW. However additional samples would have to be tested to
determine whether this is a consistent species effect or is due to
between-sample variation. With human TBW, where three samples were
tested, there was considerable between-sample variation.

As regards the differences between the bordetellae, B bronchiseptrcs
strain 5376 (Eldering strain} grew in all species of TBW, except that one out
of three human specimens appeared to be bactericidal. The

stationary-phase viable counts (colony forming units : CFU) with the other

samples were all in the [2-fold range 7.9 to 9.1 (Loglo CFU/ml). B avium

strain P4091 behaved, in general, very similarly to £ bronchisepitics
except that the average final viable counts were slightly lower. Thus
" although £ avium is exclusively an avian parasite, its growth in chicken
TBW was not greater than in mammalian TBW; in fact, it grew least well in
the avian fluid.

With the two human bordetellae, £ perzussis (sirain 183347 showed no
evidence of growth in any of the TBW, although there was consistent and

extensive growth in the control fluid, CL medium, where counts of 10.0

log o CFU/m!l were reached from inocula of around 3.3 log{y CFU/ml. 2
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paraperiusses (strain 10520) was the organism that exhibited the greatest

variation of growth in the different TBW. Thus, it grew to levels of 5.5-6.7

logyg CFU/m! in TBW from chicken, sheep, rabbit, mouse and two human

samples, while it failed to grow in the horse and dog TBW which had

supported extensive growth of A bronchisepiica and £ avium In Cl

medivm, £ paraperiussss reached counts of 9.5 log (g CFU/ml ie. slightly

lower than & pertussis.

With B pertussis, an attempt was made to determine whether the
failure to grow in TBW (rabbit was chosen) was due to lack of nutrients or
to the presence of inhibitors. This was explored by comparing growth in a)
TBW, b} CL medium, ¢) a 1:1 mixture of TBW and CL medium and d) TBW
and MefCD (methylated cyclodextrin). The observed growth in (b) and (c)
but not in (a) or (d) suggested that lack of nutrients, rather than the
presence of inhibitors was the likely explanation.

Since amino acids are primary nutrients of bordetellae in laboratory
culture media, it was necessary to analyse TBW for their amino acid
content. This was done by the ninhydrin method. All samples of TBW had
readily detectable amounts of amino acids, the concentrations ranging from

0.1 to 0.81 mM, expressed as leucine equivalents. The 0.81 mM is
‘ approximately 1/200 the level of amino acids in CL medium, vet it
supported growth of A bronchiseptica 10 a level only 2-fold lower than CL
medium. There was a statistically significant correlation between the
amount of growth and the amino acid concentration with £ bronclisepiics
and & avivm in TBW; but this was not so with £ paraperiussis.

Nicotinic acid was likewise readily detected in TBW by microbiological

assay with Lacrobacillus plantarvm. Values ranged from 0.2 to 1.06 ug/ml,
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which was about 20-fold less than in conventional fordefel/a media. As
with the amino acid values, there was some correlation between the
nicotinic acid content of TBW and the level of stationary-phase CFU/mli of
B bronchrsepirca and B avivm, but not of £ parapertussis.

The possibility that nutrients in TBW had originated from blood
contamination was explored by haemoglobin analysis. This showed that
TBW was never contaminated by more than 0.22 % by volume of blood and
that the levels of amino acids and nicotinic acid contributed by the blood
were small compared with those intrinsic to the TBW.

During the growth experiments with TBW samples it was noticed that
both £ bronchiseptica and £ avium showed an increase in viable count
when incubated in the non-nutrient control fluid, PBS. Thus from an
inoculum of 2 x 103 CFU/ml washed cells of B bronchiseptica there
developed 2.7 x 106 CFU/ml! after 48h at 37°C. This 1000-fold increase
corresponded to about 10 cycles of cell division in the PBS. In addition, &
bronchirseptica also grew in reagent-grade water, and in local lake and
pond waters, all without added nutrients. Within 48 to 72h at 37°C in PBS
and in lake and pond waters, stationary-phase populations of around 2.7 X
108 CFU/ml developed from washed £ édraonchrseptica inocula of around 2
-x 10° CFU/ml Much smaller increases, in the order of five- and eightfold
respectively, were observed in reagent-grade water and in seawater from
the same inocula.

The possibility that carry-over of nutrients was responsible for growth
in PBS was discounted by showing successful serial transfer of £
bronchirsepirca in PBS under conditions in which £scherichia coli, tested in
parallel, rapidly died out. During long-term incubation in both PBS and lake

water A bronchrseptica maintained viability for at least six months at 37°C
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and 10°C.

The ability of £ bronchrsepirca strain no. 5376 to grow in these
low-nutrient fluids was extended to five other strains of this species,
including the type strain no. 452, a rabbit strain isolated in the 1950's and
three recent clinical isolates from a pig, horse and a dog. Two strains of
Lasteurella haemolvirca, tested similarily, failed to grow in either PBS or
lakewater, but gave extensive growth in the control fluid, brain heart
infusion broth.

This work therefore reveals two novel observations;

1. Tracheobronchial washings from various vertebrate
sources are capable of supporting the growth of Aorderella species, but
with variability according to Borderel/a species and the source of TBW, and

2. B bronchiseptrca is able to grow and survive for long
periods - in the order of months - in low-nutrient fluids such as lake

waters and may therefore exist in the natural enviroment.



INTRODUCTION



Part 1. The Genus Fordetella

The focus of this research was a study of the growth of HAoragete//a
species in tracheobronchial washings from various vertebrate sources. The
introduction to the thesis is designed to provide the reader with general
information about the genus Aorderel/z and also to describe in some detail
those aspects of direct relevance to this study. For this reason emphasis is
placed on the growth and nutrition of the bordetellae and on the collection
and chemical composition of respiratory tract secretions.

The opening section of the Introduction (Part 1) contains
information about the historical, clinical and biochemical backgrounds of
the four species of bordetellae. The main section (Part 2) deals fully with zn
vivo and in vitro growth of the genus and their nutritional requirements,
while the final section {Part 3) concentrates on information available on the
collection and chemical composition of respiratory tract secretions.

Where certain aspects have been dealt with sparingly, the reader
will be referred to the appropriate review articles which contain more
detailed information and primary sources.

Discovery of the bordetellae

Diseases which may , in retrospect, be attributed to members of the
Bordetella date long before the isolation and identification of the
disease-causing organism.

Borderella pertussis , the aetiological agent of whooping cough, was
first isolated and described by Bordet and Gengou in 1906. However, the
first mention of a whooping cough-like disease was by Guillaume de Baillou
in the Mirror of Health in 1540 (cited by Lapin, 1943). This is generally
accepted as the first clear description of epidemic whooping cough:

" At the close of summer almost the same diseases prevailed as

before..... Principally that common cough... Serious are the symptoms of



this. The lung is so irritated by every attempt to expell that which is
causing the trouble it neither admits air nor again easily expells it. The
patient is seen to swell up and as if strangled holds his breath tightly in the
middle of his throat.. For they are without the troublesome coughing for
the space of four or five hours at a time then this paroxysm of coughing
returns, now so severe that blood is expelled with force through the nose
and through the mouth. Most frequently an upset stomach follows... For we
have seen so many coughing in such a manner, in whom after a vain
attempt semi-putrid matter in an incredible quantity was ejected "
(Linneman, Jr, 1979).

It was suggested that the disease was introduced into Europe in the
Middle Ages by travellers form other parts of the world (Linneman, Jr,
1979) and was well recognized by the mid ggth century. The disease was
reported from diverse regions; Switzerland (1755), Island of Oeland (1763),
Germany (1769}, Brunswick (1770) and Milan (1815). It was Sydenham in
1769 (see Lapin, 1943) who gave the name "Pertussis” to this disease. For a
more detailed historical description see Lapin (1943}

Borderella parapertussis causes a milder form of whooping cough
and went unrecognised until its isolation by Eldering and Kendrick in 1938
from cases of whooping cough. Linneman and Perry (1977) suggested that
severe cases of whooping cough were mixed infections with 2 pertussrs,
but now both diseases are believed to be distinct (Connor, 1986).

B bronchiseptica causes a respiratory tract infection in a variety
of domestic and wild animals (see review by Goodnow, 1980). It was
originally isolated by Ferry in 1911 from the respiratory tract of dogs with
a distemper-like disease. As with £ pertussss, previous reports of similar
diseases could be attributed to this organism (review by Goodnow, 1980).
A respiratory disease of swine was reported by Franque in 1830 and was

the first mention of what is now known as atrophic rhinitis (see Rutter,



1985). Switzer demonstrated laboratory-induced swine atrophic rhinitis
with a pure culture of A2 bronchiseptica, thus establishing its role in the
disease and this was verified by other workers (see review by Goodnow,
1980). Thompson ez 2/ (1974), Bemis er a/(1977a) and McCandlish et a/
(1978) have all shown that B bronchiseptica was responsible for kennel
cough in dogs. Reviews on B bronchiseptica and the diseases it causes
include those by Thompson ef a/ (1974), Bemis ez 4/(1977a), Goodnow
(1980), and Rutter (1985).

Bordetellz avivm is a pathogen of birds responsible for a disease
in turkeys called turkey coryza. It was first studied and described
definitively by Kersters er a/ (1984) although the disease had been
reported previously (Hinz and Kunjura, 1977). Filion ef a/ (1967)
incorrectly blamed an upper respiratory tract infection of turkeys on 2
bronchiseptica . In the late 1970's Hinz er 2/(1978) reported a similar
disease in Germany. Simmons ez 2/ (1984), blamed A/caligenes faecalis for
turkey coryza and other reports of the disease were recorded in 1931,
1932 and 1934 (see Hinz and Kunjura, 1977).

Laboratory characteristics

The Bordetel/a are minute Gram-negative, coccobacilli, 0.2-0.5 um
in diameter and 0.5-2.0 um in length. They are strictly aerobic,
chemoorganotrophic bacteria which are parasites or pathogens of the
respiratory tract of man and other animals. £ perfussis and B
parapertussis are non-motile while B bronchiseptica and B avium are
motile. Colonies on Bordet-Gengou medium are described as "smooth,
convex, pearly, glistening and nearly transparent”. Those of B pertussis, B
parapertussts  and B bronchiseptica  are surrounded by a zone of
haemolysis (Pittman and Wardlaw, 1981).

Table 1 outlines the main characteristics within the genus. 2

parapertussis, B broncliseptica and B avium, but not B periussis, utilize



Table 1 : Differentiation between 2B pertussis, B. parapertussis,
B bronchiseptica and A avivm. {modified from Pittman,
1984)

Characteristics B pertussis B para- B brogchi- B avium

Dertussis seplica

Motility. _a - S +
Growth on Bordet-
Gengou medium:

1-2 days. — * + *

3-6 days. + b
Growth on peptone.
agar:

Phase I. - * . *

Phase IV. + + + *

Browning. _ + - -
Growth on Mac-

conkey agar. - + - *

Citrate utilisation. - + + +
Nitrate reduction. - - +C +d
Urease. - * e -
Oxidase. - - . +f
Mol% of G+C of
DNA(Tm) 67-70g $6-70g 68.9h 61.6i

a Symbols : +, typically pesitive; - , typically negative

b Blank space indicates no information

¢ Regularily positive in nitrate medium supplemented with nicotinamide
adenine dinucleotide (NAD) and serum. Exceptions occur in conventional
nitrate-test medium

d Only in medium supplemented with NAD and serum

e Positive within 4h

f Kovac's test positive after 48-72 h incubation

g Johnson(cited by Johnson & Sneath, 1973)

h Type strain

i Strain 591/77 of Hinz



citrate as a sole carbon and energy source and are capable of growth on
peptone agar and MacConkey agar (B pertussis phase IV organisms also
grow on peptone agar). Of the four species, only £ parapertussis has the
ability to produce a browning from the tyrosine in the peptone agar.

Both B bronchrseptica and B avium , but not B pertussis or £,
paraperrussis reduce nitrate and show a positive oxidase reaction. 2
bronchiseptica and B parapertussis are urease positive while the other
two bordetellae show no activity. The DNA base ratios lie within the range
61-70 mole % (G+C).

The Hordetella also produce a wide range of toxins and other
virulence factors (see reviews by Weiss and Hewlett, 1986 and Wardlaw,
1988). Table 2 shows the virulence determinants and their sharing by the
four bordetellae. All four species possess heat-labile toxin (HLT), tracheal
cytotoxin (TCT) and agglutinogens (AGG). The three mammalian bordetellae
have filamentous haemagglutinin (FHA), adenylate cyclase toxin (ACT) and
haemolysin (HLY) activities, whereas 2 avium is deficient in all of these.
B pertussis is the only member of the genus to produce pertussis toxin
(PT); however both B parapertussis and B bronchiseptica possess
transcriptionally silent PT genes (Arico and Rappuoli, 1987). The virulence
factors are under the control of a single genetic sequence known as the vz
or bpvg locus. For more detailed information about the virulence factors
and their control, the reader is referred to Coote and Brownlie (1988) and

other chapters in the book by Wardlaw and Parton (1988), and Coote
(1991).

Taxonomy

The similarities and characteristics of the ABordetel/z and some
closely related genera are shown in Table 3. All species within the
Borderelfa have, at some time, been placed in other families. B perrussis,

B parazpertussis and B bronchiseplica were [inally assigned to the genus



Table 2 : Virulence factors of the genus JBordeteffa. (modified

from Wardlaw, 1988)

Virulence Factor Bp: Bl B b g #A
Heat Labile Toxin (HLT) € + ¥ +
Tracheal Cytotoxin {TCT) + + . +
Lipopolysaccharides (LPS) + * - +
Agglutinogens (AGG) + + + +
Filamentous Hemagglutinin (FHA) + + *

Adenylate Cyclase Toxin (ACT) s ' + £
Haemolysin (HLY) - + +

Pertussis Toxin (PT) . ;

& B pertussis: b g parapertussis; 8 bronchiseptica; d 5 avium;

© activity demonstrated; f o activity recorded

A blank space indicates no information available.



Table 3 : Differential characteristics of the genus Bordetel/la and

other morphologically and physiologically similar

genera & (modified from Pittman, 1984)

Characteristic Bordetella Alcaligenes Brucella Haemophilus
Strictly parasitic. * - * -
Saprophytic. - s - -
Localise on respiratory cilia + - - -
Strictly aeraobic. * + + -
Growth requirement:

Thiamine. - - + -

Nicotinamide. + - - -

X and/or V factor. - - - +
Ferment carbohydrates. - - - +
Nitrate reduction. D D + +
Litmus milk, alkaline. + + - -
Oxidation of amino acids . + + -
Tetrazolium reduction. + - b *
Growth on 320mg
potassium tellurite per litre - * -
Citrate utilised, D * - -
PAGE resemblance © - _ -
Mol% G-+C of DNA. 61-70(Tm) 56-70(Tm) 55-58(Tm)  38-44(Tm)

a Symbols : +, positive reaction ; -, no reaction ; D, variable
b Blank space indicates no information
¢ PAGE patterns are distinct for each genus



Bordetella by Moreno-Lopez in 1952, and £ av/um was added at a later
date (Kersters er 2/ 1984). B pertussis was originally a member of the
Haemophilus, B parapertussis was placed in both Hzemophiius and
.4&'1)1/?0[)36‘!&1‘, and 4 bronchiseptrca was placed successively in Baci/lus,
Alcaligenes, Brucella and then Haemophi/us before being allocated to
Bordetellz Even B avivm was formerly assigned to A/cafigenes

A comprehensive, numerical taxonomic study by Johnson and
Sneath (1973) helped establish £ pertussis B parapertussis and 2B
bronchiseptica as individual species within the one genus, supporting the
stance taken by Moreno-Lopez in 1952. Differentiation between the
Haemophilus and the BPordetel/a was relatively simple as the Borderella
species were obligate aerobes whereas the Hzemophilus were facultative
anaerobes. The guanine plus cytosine ratios also differ, the bordetellae
being in the range 61 to 70% and the haemophili 38 to 44% (Table 3). It
was more difficult to separate the PBordetella from some other genera,
especially considering the close similarities between B bronchiseptica and
Alcaligenes faecalls (Johnson and Sneath, 1973, Ulrich and Needham,
1953).

The ABrucella and DBordetel/la differed in that the former
metabolized alanine and DL-asparagine, whereas the Bordetella prefered
glutamic acid and proline. In DNA hybridization studies, Hoyer and
McCullough (1968) found no detectable pairing between Aruvcella and
Borderella species. The essential requirement for nicotinic acid (Proom,
1955) displayed by the Borderelia also differentiated them from other
genera. 4 avium was classed as a member of the Jorderefla when
Berkhoff and Riddle (1984) distinguished between it and the species
within Ad/lealjigenes and Kersters e a2/ (1984) listed its major

characteristics.

It appeared that A pertussis, B parapertussis, B bronchiseplica
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and A avium were independent species classed within a single genus
based on their nutritional requirements {(Proom, 1955, Berkhoff and Riddle,
1984 and Kersters ez 2/, 1984), enviromental niche (respiratory tract of
man and animals), DNA base ratios and the nature of the several virulence
factors that they share.

More recent studies have focussed on genetic diversity to
distinguish between the Aordete/la and other closely related genera and
also between species within the Zorderelfa De Ley et 2/ (1986) showed
the closeness of the relationship between the bordetellae by DNA base
compositions and DNA-rRNA hybridization studies. Their results indicated
that £ pertussis, B parapertussis and B bronchrseptica could not be
differentiated genotypically in terms of their Tmf(e) values of their
DNA-rRNA hybrids i.e. the temperature at which one half of the DNA-rRNA
hybrid is denatured. The calculated mean G + C contents of their genomic
DNA was almost identical. These findings agreed with those of Kloos &f &
(cited by De Ley er a/ 1986).

The Tm(e) values for the B awium strains tested put it in close
vicinity of B pertussis, B parapertussis and B bronchrseptica and a study
of 147 phenotypic features of 2 gw/um have shown it to resemble most
closely B parapertussrs and then B bdronchiseptica (90% and 82%
relatedness respectively) (De Ley er 2/ 1986).

The same workers also found that some strains from the genus
Alcaligenes were very close to the bordetellae in terms of DNA-rRNA
hybridization and they proposed a new family - the A/laligenaceae - to
encompass both genera (De Ley er a/ 1986).

Other studies in this area included the work of Musser ez a/ (1986)
involving electrophoretic mobilities of certain metabolic enzymes of the
four bordetellae. These investigations indicated that £ pertussis B

parapertussis and B bronchrsepirca were very similar. In fact, these
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workers claimed that recognition of the bordetellae as separate species
could only be justified if based on pathogenicity considerations. However 2
avivm was found to be genetically distinct enough to warrant status as a
separate species (Musser ef 2/ 1986).

In 1987 Musser and coworkers, in studies similar to those
performed in 1986, reported that within strains of A bronchisepitica there
was only limited genetic variation.

Other evidence which supported the grouping of B pertussis £
parapertussts and B bronchiseplica as members of a single independent
genus was the fact that both A parapertussis and B bronchrseptica
contained transcriptionally silent copies of the pertussis toxin operon which
is active in B pertussis (Arico and Rappuoli, 1987). However no such genes
were found in A avum or in members of the genus Alcaligenes (Arico
and Rappuoli, 1987).

More details of the taxonomy of the bordetellae can be found in the
review by Johnson and Sneath (1973) which deals with the three
mammalian bordetellae, and Kersters ez 2/ (1984) describe in detail the
properties of 2 avium . The papers of interest dealing with the genetic
approach to taxonomy are those of De Ley er a/ (1986), Musser er &
(1986, 1987) and Arico and Rappuoli, 1987).

Bordetellz : The Diseases

The bordetellae cause a variety of different diseases which affect
man, animals and birds. Table 4 shows some of the characteristics of these
diseases.

B pertussis 1S a respiratory tract pathogen of man that is
responsible for whooping cough, or pertussis. A similar but less severe
form of the infection is caused by 4 parapertussis B bronchiseptica
causes kennel cough in dogs (reviewed by Thompson ef 2/ 1974; Bemis e:

a/, 1977a, and McCandlish ez 2/ 1978), atrophic rhinitis in swine (review
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Table 4 : Characteristics of the diseases caused by JHorderella

species
Organism
Characteristic
Bpd B pp? B bron.© B
Name Whooping cough, Atypical Kennel cough, Infectious coryza,
Pertussis whooping cough Atrophic rhinitis  Rhinotracheitis,

Bordetellosis,
Turkey coryza

Reservoir Man Man, Sheep Dogs, pigs and various Turkeys, chickens

Transmission Aerosol droplets

Symptoms Catarrhal, paroxysmal

and convalescent stages
Site of Cilia of respiratory

infection epithelium

Carriers None

[mmunity Solid after infection

Short-lived with
immunization
Duration Several months
Treatment No effective treatment

wild animals and other birds

Aerosol droplets  Aerosol droplets  Aerosol droplets

and infected feed,

litter and water

As with B.p Nasal atrophy and  Exudative
snout deformation  conjunctivitis.
Coughing, sneezing, Sneezing and
Ocular and nasal serous discharge
discharge. Reduced Tracheal rales.
weight gain Reduced feeding.
As with B.p Nasal and respiratory Respiratory
epithelial cilia epithetial cilia
None Dogs, cats, rats, swine Not known
As with B.p As with B.p Not known
As with B.p Up to {4 weeks About 12 weeks
As with B.p As with B.p As with B.p
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Table 4 (continued)

Organism
Characteristic
Bp B pp B broa. B a
Vaccine Whole cell None Whole cell Whoie cell
Acellular Acellular

2 Information on B pertussis (Bp/) gathered from; Cannor (1986); Friedman (1988);
Pibkmaa and Wardlaw (1981) and Wardlaw and Parton (1988)

¢ Information on B parapertussis (Bpp) gathered from; Eldering and Kendrick

(1938); Linneman and Perry (1977); Connor (1986); Chien e a/ (1989)

¢ Information on B broachiseptica (Bbron) gathered from; Thompson ef 2/ (1974);

Bemis eza/ (1977a); McCandlish era/ (1978): Gaodnow (1980); Rutter (1985); Papasian
etal (1987)

¢ Information on B avium (Ba) gathered from; Hinz and Kunjara (1977); Kersters e
al (1984); Simmons et al (1973, 1984)
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by Rutter, 1985) and respiratory tract infections in a variety of other
domestic and wild animals (review by Goodnow, 1980). The avian pathogen
B avium is responsible for a disease which, in turkeys, has had a number
of names: rhinotracheitis, bordetellosis, infectious coryza and turkey coryza
(see Kerster's er 2/, 1984).

The reservoir of infection for the four species varies. All are
thought to be obligate respiratory tract pathogens restricted to colonization
of cilia on the nasal and tracheal epithelium. They are generally
transmitted by aerosol via infected droplets expelled whilst speaking,
coughing or sneezing and are therefore very contagious within
populations. With £ pertussrs and B parapertussis it is possible that hand
to mouth transmission may occur via infected objects such as
handkerchiefs (Nicholl and Rudd, 1989), while with £ avium infected feed,
litter and water are possible disease vectors (Simmons ez 2/ 1984).

While 2 pertussis appears to be strictly a human pathogen, Z
pdarapertussis has recently been isolated from sheep (Chen er 2/ 1989).
The two animal and bird pathogens infect a variety of other mammals and
birds respectively. B bronchiseptica has been isolated from dogs, pigs,
cats, seals, rabbits, monkeys, foxes, skunks, raccoons, koala bears and lesser
bushbabies (Goodnow, 1980). It has also been isolated from man and some
evidence of zoonotic transmission was recorded (Goodnow, 1980; Byrd e 2/
1981). £ avivm is most commonly isolated from turkeys, but chickens,
geese and ducks are also susceptible (Kertsers ez 2/ 1984). B avium did
not initiate respiratory tract infection on mice, guinea pigs and hamsters
under laboratory conditions (Simmons ef 2/ 1984).

Different symptoms present themselves in the wvarious disease
states. In whooping cough, the symptoms vary in severity, with cases of A
pertussis and are generally milder with B parapertussis, although this is

not always the rule (Lautrop, 1971) After about 7-10 days of incubation
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the catarrhal stage begins. This is the most infectious stage of the disease
with symptoms similar to many upper respiratory tract infections i.e.
irritation of the mucous membranes, cough and fever. This usually lasts a
further 7-10 days after which the paroxysmal stage ensues with bouts of
sometimes severe paroxysmal coughing followed by the characteristic
whoop. The convalescent stage then follows and a return to normal activity
and development without complications is completed. (Connor, 1986).

Animals infected with B bronchiseptica show a variety of
symptoms. In swine, atrophic rhinitis is characterized by nasal atrophy and
snout deformation (Rutter, 1985) and with all B bronchiseptica infections
it is usual to find coughing, sneezing and discharge {rom the eyes and nose.
A reduction in weight gain is also expected (Goodnow, 1980). Symptoms
presented by birds infected by 4 awwm  include reduced feed
consumption, exudative conjunctivitis and sneezing with serous discharge
from the nose. ( Hinz er 2/ 1978; Kersters er a{ 1984 and Simmons er 2/
1984).

A major difference between the diseases caused by the two human
pathogens and those by 2 bronchrsepiica is that in the latter the presence
of live organisms is required for symptoms to continue, whereas in the
former cases the disease persists even if no bacteria can be recovered
(Bemis er a/, 1977a).

Only £ bronchiseptica appears to have a carrier state where the
infected animals are asymptomatic. This has been observed in dogs, cats,
rats, guinea pigs and swine (review by Goodnow, 1980Q). B bronchiseptica
has also been isolated from humans (Ghosh and Tranter, 1979 and Byrd e:
al 1981).

With the three mammalian bordetellae immunity is usually solid
after natural infection whereas it is short-lived after immunization

{(Connor, 1986; Rutter, 1985 and Goodnow, 1980). No evidence of immunity
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in A avivm infections has been reported. In all of the diseases caused by
the four ABordetellza species antibiotic treatment is ineffective and once
initiated the disease usually runs for the whole course. With 2
parapertussis no vaccine has been used to date. It has alsoc been shown
that immunization against £ pertussis does not confer resistance to
infection by B parapertussis (Lautrop, 1971 and Connor, 1986). Whole cell
pertussis vaccines and acellular vaccines have been used for immunization
against whooping cough. The whole cell vaccines have been in general use
throughout the world except in Japan, where the use of acellular vaccines
has been more common place (Parton, 1991). PT, FHA and agglutinogens 2
and 3 all have protective activity in both mice and man, while ACT has
protective activity in mice. More detailed information about vaccines can
be found in the review by Parton (1991). Similarily with £ bronchrseptica
both whole-cell and subcellular (cell wall material) or bacterins have been
used with varying measure of success (Rutter, 1985 and Goodnow, 1980).
With £ avizm whole cell vaccines have been tested (Hofstad and Jeska,

1985) however no substantial body of work exists at present.
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Part 2. Growth and nutritional requirements.

Bordetella pertussis

Growth in the vertebrate host. Ethical constraints dictate that
m vivo growth studies of 2B pertussis can not be done in the natural host,
man, and that animal models should be sought. A notable exception was a
study of whooping cough in four young children in which all were infected
intranasally with. A perfussis (MacDonald and MacDonald, 1933). Two of
the children had already been vaccinated against whooping cough and
remained uninfected. The remaining two became infected , with 2
pertussis colonizing the respiratory tract and being recovered on cough
plates during the period of infectivity.

Nowadays more convenient animal models have been investigated.
These have included puppies, monkeys and chimpanzees (Bradford, 1938),
mice (Dolby ez 2/ 1961; Sato er af{ 1980), rabbits (Preston er 2/ 1980;
Ashworth er 2/ 1982) and more recently rats (Woods ez 2{ 1989). A novel
method for the study of i wivo growth of A perfussis was the
intraperitoneal diffusion chamber (Coleman and Wetterlow, 1986), as used
previously with staphylococci (Day ez 2/ 1980).

Of these experimental animals the most utilized has been the
mouse. Only two sites of infection have been used in the mouse namely the
lungs and the brain (Standfast and Dolby, 1961) and both intranasal and
intracerebral infections have been studied extensively (Fisher, 1955; Dolby
et 2/ 1961; Dolby and Standfast, 1961; Standfast and Dolby, 1961; Dolby,
1962 and Alonso er 2/ 1987). Intranasal infection involves the instillation
of a measured volume of standardised bacterial suspension into the nasal
cavity of anaesthetized mice and intracerebral is simply an injection into
the brain of the mouse (Standfast and Dolby, 1961).

Standfast and Dolby (1961) made a comparison between the two
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methods of infection drawing a number of conclusions from their study.
The terminal viable count in the lungs and brain was always 108 CFU with
death occuring on the 4th op Sth day after infection. In the lung sublethal
infections could be observed with challenge doses of less than 103 CFU
where numbers increased steadily to 10410 106 until the 1018 1o 140 day
after infection and then slowly declined over some weeks or even months
until the lung became sterile. This was in contrast to brain

infections where there was.no such thing as a sublethal infection. In fact in
the brain, regardless of initial inoculum, numbers consistently increased to
108 CFU with death ensuing. It appeared that probably a single cell, if it
became lodged in the brain, could and would grow to a critical level (Dolby
and Standfast, 1961). With large initial inocula there was an initial die-off
followed by an increase in viable count to the critical level in both
infections.

Sato er &/ (1980) claimed that aerosol infection of mice with 2
Lpertussrs gave a more accurate and reproducible inoculum. In this system
the mice were placed on a mesh screen in a glass chamber fitted with a
nebulizer. The animals were exposed to an aerosol for 30 minutes by
spraying 0.4 ml of bacterial suspension per minute at a nebulizer pressure
of 1.5 kg/cmz. From a bacterial concentration of 2 ¥ 10° CFU/ml an initial
delivered inoculum of 2 x 104 CFU/lung was obtained. This reached a
maximum of 107 CFU/lung in 14 days {Figure 1), after which the viable
count decreased. Sato ez 2/ (1980) observed the same growth and
infectivity pattern as Standfast and Dolby (1961). Again the lethal dose
was found to be 108 CFU/lung.

A novel method of studying the growth and toxin production of £
pertussis o vivo was introduced by Coleman and Wetterlow (1986)
following work with staphylococei (Gladstone and Glencross, 1960; Houser

and Becry, 1961; Day er 2/ 1980). It involved the use of a small sterile
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Figure | : /o vivo growth of £ pertussis in the lung of a
mouse. {(from Sato e &/ 1980 and reproduced with

permission).
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chamber, bounded by 0.22 um membrane filters, which was inoculated
with B pertussis , sealed and surgically implanted into the peritoneal
cavity of mice. The mice were killed at intervals and viable counts
performed on the contents of the chambers. A comparison was made
between growth in the chambers (/z v/7o) and in Cohen and Weeler (CW)
medium (/2 v/iro) and is shown in Figure 2. From the Figure it can be seen
that the viable counts for £ pertusssis strain 1392 were greater in the
implanted chambers reaching over 106 CFU/ml. Four widely different
strains all showed the same growth characteristics in the chambers.

Another observation, consistent with the findings of previous
workers on growth of £ pertussis in mice (Dolby er a/ 1961), was that a
steady-state bacterial concentration of around 108 CFU/m! (not presented
in Figure 2} was always reached. This was also regardless of the size of the
initial inoculum. If the inoculum was smalf the viable count increased to
the maximum value in 6-7 days and if large inocula (>108) were used the
viable count decreased quickly until the steady state was reached (three
weeks). These workers found that it was possible to initiate an infection /z
v/ive with less than 10 organisms per chamber. They also showed that
virulent strains of £ perrussis were able to outgrow avirulent strains
when implanted in the same chamber.

Another animal model which has received recent attention
attention is the "coughing rat mode!" which closely parallels the human
infection with respect to the clinical and physiological changes seen in the
human infection, including the paroxysmal cough (Woods er 2/ 1989). This
work was based on a previous model involving the infection of rats with
Pseudomonas zeruginosa (Cash et 2f 1979). With the virulent Tohama I
strain a reproducible infection, similar to the human disease was produced
in the rat with colonization of the lung observed. Organisms were

recovered 21 days after infection.
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Figure 2 : Comparison of /m vive growth (intraperitoneal
chambers; @} and /7 viiro growth (CW medium; o) of
8. pertussis. (from Colemen and Wetterlow, 1986 and

reproduced with permission).
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Growth on laboratory media. Most of the literature dealing
with the development of culture media for the Bordetel/a concentrated on
work with B pertussis, although similar media have been used for the
other members of the genus. In the following sections that deal with
members of the genus other than £ pertussis only information additional
to that already provided will be presented and the reader will be referred
to the appropriate sections of the text for details of other media. Since most
of the media for A pertussis have been used for more than one purpose
e.2. Regan and Lowe (1977) medium has been used for the isolation,
transport and propagation of B pertussis, some rep?tition is unavoidable in
this section.

Isofation and lransport media. B pertussis was first isolated
in 1906 by Bordet and Gengou using a medium which consisted of
glycerinated potato extract and sheep or human blood solidified with agar.
Since then many workers have tried to improve upon this recipe in their
attempts to create more efficient isolation media for B pertussis (Table 5).

Various isolation media have been used directly or in conjunction
with transport media to facilitate the recovery of 4 perzussis from scantily
populated specimens. In 1954, Lacey described a complex selective
medium containing 4:4 diamidinodiphenylalanine hydrochloride, penicitlin
and sodium fluoride in a partially defined base which was successful in the
isolation of A pertussis. Most of the other recipes have involved the
incorporation of selective antibiotic agents to suppress the nasopharyngeal
flora present in samples. Benzyl penicillin and penicillin have been used
often (Sutcliffe and Abbot, 1972; Stauffer er 2/ 1983 and Fareeduddin and
Calder, 1984) . Other selective agents have included lincomycin (Hoppe and
Schwaderer, 1989), methicillin (Morrill ef 2/ 1988), anisomycin (Kurzynski
et 2/ 198%) and cephalexin (Regan and Lowe, 1977). Of all the antibiotics

tested, cephalexin at a level of 40 ug/ml proved to be the most successful.



23

Table S : Isolation media for B. pertfussis

Medium

Main Constituents Reference(s)

BG

Lacey's*

Modified charcoal
biood agar*

Regan and Lowe*

Jones-Kendrick (JK)

charcoal agar with

cephalexin/penicillin

BG agar/ benzyl

penicillin

Charcoal agar/

henzy! penicillin

Cyclodextrin agar

glycerinated potato extract + 50% (v/v) Bordet and Gengou, 1906

horse blood + agar

New Zealand agar, potato starch, glycerof,

d7- alpha alanine, /-glutamic acid, sodium
fluoride, sodiqm chloride, potassium chloride,
tap water, aconitic acid, fumaric acid, malonic Lacey, 1954
acid, / or d7-cysteine hydrochloride, distilled

water, magnesium hydroxide, 4:4' diamidinodi-

phenylamine hydrochloride, penicillin and

defibrinated horse blood (dhb)

a) Charcoal agar, 10 % {v/v) horse biood
1 %2 {(w/v)} proteose peptone, 0.25 U

benzy! penicillin Sutcliffe and Abbat, 1972

b) a, plus cephalexin (40 ug/ml) to
replace benzy! peniciilin

Oxoid charcoal agar, 10 % (v/v) dhb, Regan and Lowe, 1977

cephalexin (40 pg/ml)

JK charcoal agar, cephalexin (40 ug/ml)

or penicillin (0.5 U/ml) Stauffer era/, 1983

BG agar base, 20 3 (v/v) dhb, henzy! Fareeduddin and Calder, 1984
penicillin (0.25 U/ml)

Charcoal agar base, 10 % (v/v) dhb,  Fareeduddin and Calder, 1984
benzy! penicillin (0.3 U/ml)

Stainer-Scholte base, casamino acids,
MeBCD, 1.8 % (w/v) agar

Aoyama et 2l 1986
Morrill et a2 1988
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Table S (continued).

Medium

Main Constituents Reference(s)

Modified BG agar*

Modified RL agar*

BG agar/methicillin

55/ MegCD

BG agar base, 20 % (v/v) dhb,
cephalexin (40 pg/ml), anisomycin Kurzynski ez a/ 1988
{20 yg/mi)

RL charcoal agar, cephalexin {40 ng/mi), Kurzynski of a/, 1988
anisomycin (20 ug/ml)

BG agar base, 1 % (v/v) glycerol, 15 %{v/v) Morrill er a/, 1988
dhb, methiciltin (2.5 ug/mi)

Stainer-Scholte base, Me8CD (1 g) Wirsing von Koenig et 4/,
1988

* also used for & parapecrtussis
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Another additive, Me3CD has also been used for the successful isolation of
B pertussis (Aoyama ef 2/ 1986; Morrill ez 2/ 1988 and Wirsing von
Koenig er 2/ 1988).

Transport media (Table 6) used for B pertussis had to be able to
maintain the viability of the organism during its journey from the sampling
point to its isolation in the laboratory. For this reason some of the transport
media, like the isolation media, were enriched and contained certain
selective agents (antibiotics) to improve the chances of B pertussis
isolation.

Amie's transport medium (Amies, 1967) was one which had been
used successfully for the isolation of not only £ pertussis but for A
parapertussis and B bronchisepiica 1t was a modification of Stuart's
transport medium (Stuart, 1946) in which the glycerophosphate was
replaced with an inorganic phosphate buffer and charcoal was added to the
medium.

The isolation medium described by Regan and Lowe (1977) was
also used as a successful transport medium. It was used directly by later
workers (Kurzynski, 1988) while others made some minor modifications of
the basic recipe (Morrill ef 2/ 1988).

In 1988, Morrill and co-workers studied three transport media;
modified Regan-Lowe, beef extract agar and charcoal yeast-extract agar.,
They found that £ pertussis survived best when the modified Regan-Lowe
with cephalexin and amphotericin B was employed.

Laboratory propagation media. Both solid and liquid media
have been used for the successful propagation of B periussis in the
laboratory. Early work was reviewed by Rowatt (1953, 1957a and 1957b).

Table 7 shows the various solid media used for the post-isolation
cultivation of & pertussis.

BG agar, which was used for the first isolation of A pertussis
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Tabie 6 : Transport media for B pertussis

Medium

Main Canstituents Reference

Stuart's*

Amie’'s*

Regan and Lowe*
(RL)

Modified RL

Beef-extract
agar

Charcoal
yeast-extract
agar

Bacto agar, thioglycollic acid, sodium
glycerophosphate, calcium chloride, Stuart, 1946

methylene blue

Charcoal pharmaceutical neutral,
sodium chloride, sodium hydregen
phospha'te, potassium chloride, sodium Amies, 1967
thioglycollate, calcium chloride,

magnesium chloride, agar No |

Charcoal agar (1/2 strength), 10% {(v/v)  Regan and Lowe,
defibrinated horse blood (DHB)J, 1977
cephalexin (40 pug/ml) Kurzynski ofa/ 1988

RL with amphotericin B (50 ug/ml) Morrill eca/ 1988
Beef-extract, meat peptone, soluble starch
charcoal, sodium chloride, nicotinic acid,
agar, cephalexin (40 ug/ml) amphotericin
B (50 ug/ml)

Morrill etal 1988

Buffered charcoal yeast-extract agar, 1%
(w/v) alpha-ketoglutarate, lincomycin
(3 ng/ml) anisomycin (80 g/ml)

Morrill etal 1988

* also used for & parapertussis
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Table 7 : Solid media for the cultivation of B pertussis

Medium

Main constituents

Reference

BG

Barksdale and
Simpson
Cruikshank and

Freeman

Silverthone and

Cameron

Modified Cohen-
Wheeler(CW)

Charcoal agar

Regan-Lowe

glycerinated potato extract

+ 50% (v/v) horse blood + agar

nutrient agar + potato extract

proteose peptone + heart extract
+ 20% (v/v) laked horse blood with

13% {v/v) horse serum

aqueous extract of beef liver +

salt + agar + 33% (v/v) citrated

sheep blood

CW + agar+ charcoal

CW + agar + charcoal + catalase

preparation

charcoal, cephalexin +

defibrinated horse blood

Bordet and Gengou,

1906

Barksdale and

Simpson, 1934

Cruikshank and

Freeman, 1937

Silverthorne and

Cameron, 1942

Powell et a/,
1951

Mazloum and

Rowley, 1955

Regan and Lowe,
1977
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(Bordet and Gengou, 1906), has also been useful in its cultivation. Other
workers modified BG medium by using heated blood (Krumwiede, ef &/
1923) or lower concentrations of blood (Debre, ef 2/ 1928) but they failed
to notice that the organisms produced varied antigenically from Bordet and
Gengou's bacillus. Leslie and Gardner (1931) explained this phenomenon
when they reported that there were four phases of 2 pertussis ie I, 11, I11
and IV,

Most modifications to BG medium were either by addition or
removal of medium constituents or an increase or decrease in the
concentration of some component. Dawson ef 2/(1951) stated that the
glycerol used in the medium, either added after potato extraction (Mackie
and McCartney, 1953) or used in potato extraction (BG medium), was
unnecessary and omitted it altogether. They aiso found most peptones to
be inhibitory and that glutamate and aspartate improved growth,
suggesting that amino acids may be responsible for the effect of the potato
extract. Povitsky (1923) noticed that pH was important and that better
growth could be obtained on media with a slightly acid reaction. Various
other workers used lactate to improve growth (Madsen, 1925; Leslie and
Gardner, 1931; Lacey, 1954).

Eldering and Kendrick (1952) made a modification to BG and this
was used for routine diagnostic purposes. It contained 17% sheep blood, no
peptone and penicillin was added. The medium described by Lacey (1954)
and presented earlier as an effective isolation medium (Table 5) was also
useful in the propagation of 2 pertussis. However it was not a preferred
medium for routine use due to the complexity of its formulation .

Blood was a possible source of many contamination problems and
several attempts were made to replace it. Pollock (1947) effectively
substituted charcoal, serum and serum albumin and suggested that the role

of the blood was to absorb inhibitors, such as fatty acids, an effect also
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shown with M tubercufosis (Davis and Dubos, 1946). Powell, Culbertson
and Ensminger (1951) produced a medium used for the growth of vaccine
strains consisting of Cohen and Wheeler medium plus agar and charcoal
suitable for growth from large but not small inocula. Others used charcoal
(Mazloum and Rowley, 1955; Mishulow, Sharpe and Cohen, 1953) but again
growth was only obtained from large inocula. In 1953 Ensminger ez 2/in a
study on the growth of # pertussis on charcoal agar found that the
optimum concentration of charcoal was 0.2 %, which gave a cell count of
184 billion/ml and that the optimal incubation period was 48h. They also
found that Charcoal agar compared favourably with BG medium and could
replace it in all of its uses.

Mazloum and Rowley (1955) combined CW medium agar, charcoal
and a catalase preparation. The catalase was incorporated to counteract the
inhibition by peroxidases. Mucin was also found to have a similar effect to
charcoal (Miyamota ez 2{ 1954).

Regan and Lowe's (1977) enrichment medium, which was also used
as an isolation and transport medium (Table S and 6), was successful in the
propagation of A pertussis from small populations.

Other research focussed on liquid media (Table 8) for the
cultivation of A perrussis Some workers believed that there could be no
growth without blood (Lawson, 1939) or tissue extract (Toomey and
McClelland, 1933-34). However in 1939 Hornibrook described a medium
containing hydrolysed casein, soluble starch, salts, cysteine and vyeast
extract. In 1940, Hornibrook described another medium containing amino
acids, starch and nicotinamide ie Modified Hornibrook Medium. Other
modifications to Hornibrook's recipe were made by various workers
(Verwey and Sage, 1945; Wilson, 1945; Farrell and Taylor, 1945; and Cohen
and Wheeler, 1946).

CW medium was recommended by the WHO for preparation of
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Table 8 : Liquid media for the cultivation of 5 perrussis

Medium Main constituents Reference

Horaibrook hydrolyzed casein, soluble starch, Hornibrook, 1939
yeast extract and salts®

Modified Hornibrook soluble starch, glutamic acid,

L-tyrosine, glycine, L-proline, Hornibrook, 1940
L-histidine, arginine and salt?

Cohen-Wheeler casamino acids, soluble starch, Cohen and Wheeler,
cysteine hiydrochloride, yeast dialysate 1946
and salts®

Stainer-Scholte  DL-alanine, L-arginine, DL-aspartic acid
L-glutamine, glycine, DL-histidine, DL-serine
L-proline, L-glutamic acid, L_cystine,
adenine, ATP(Di Na salt) guanine, Stainer and Scholte,
iypoxanthine, thymine, activated charcoal, 1971
tris buffer, liver co-enzymes (CoA, DPN, TPN)
ascorhic acid, niacin, glutathione,
2-deoxyribose and saltsd

Cyclodextrin (CL) sodium L-glutamate, L-proline, tris,
medium L-cysteine, niacin, glutathione, Imaizumi efal 1983
ascorbic acid, casamino acids,
methylated 8-cyclodextrin and salts®

a NaCl, KCl, CaCly (anhydrous), NayCO3 (anhydrous), MgCly(6H0), KoHPO,

b asin aexceptno Na2C03 (anhydrous)

¢ asin dexcept no KCI

d asin b except add KH,POy instead of K,HPOy and add FeS04. 7H,0 and CuSO,4. SHy0
e asin d except no MgCly(6H50)
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pertussis vaccine. Yerwey ef a/ in 1949 compared a liquid medium they
had prepared with Hornibrook's and other modified liquid media that were
in use at that time. Basically, what they did was adjust the amount of the
components in the medium or omitted some of them completely. Verwey
and his coworkers also examined the optimal conditions for the growth of
£ perrussis. They claimed that their medium gave better growth than the
others tested and that the vaccines that were produced using this medium
were comparable to those prepared from BG medium. Verwey also made
an agar form of this medium and, although on its own it wasdnsatisfactory,
when 10-20 % blood cells were added claims were made that it gave better
results than the BG medium tested in parallel.

Anion exchange resins have also been shown to support the growth
of virulent strains of £ pertussis as an alternative to starch or carbon
(Kuwajima ef a2/, 1957). A liquid medium containing an anion-exchange
resin was described in 1961 by Sutherland and Wilkinson and they were
also able to produce a solid medium that compared favourably with BG
medium. The anion-exchange resin was thought to remove inhibitors from
the medium and inhibitors produced during growth.

Defined media and small inocufa. With defined media came a
better understanding of the nutritional requirements of B pertussis. The
replacement of starch and casein hydrolysate by activated charcoal and an
amino-acid migture, respectively, was undertaken by Wilson in 1963 in his
search to produce a defined medium. His medium contained amino acids,
glutamine, glutathione, inorganic salts, niacin, ascorbic acid, ATP, coenzyme
A, DPN, TPN and nucleic acid derivatives.

Some workers described chemically defined media which were
more useful for studying the nutritional requirements of the organism
(Ungar er a2/ 1950; Jebb and Tomlinson, 1955, 1957; Wilson, 1963). In

1971, Stainer and Scholte produced a simple chemically defined mediuvm
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consisting of sodium glutamate, cystine, proline, saits and growth factors,
suitable for the large scale production of phase [ B pertussis

In most, if not all of the media described above, growth of 2
perrussrs could be obtained with large but not small inocula. In 1983,
Imaizumi er 2/ discovered the novel growth stimulant for A pertussis
heptakis (2,6-0-dimethvl)3-cyclodextrin (MeBCD). This was added to a
complete synthetic medium such as SS and the same number of individual
colonies and growth rates as with BG were obtained. As well as supporting
growth from small inocula, the MeBCD was found to prevent the growth of
other nasopharangeal flora (Aoyama ez 2/ 1986).

Cyclodextrin medium was initially used as an agar, with a basal
medium similar to Stainer-Scholte, to which was added a supplement
{(Imaizumi er 2/ 1983). CSM has been compared with BG medium and it is
as good, if not better for the isolation and cultivation of A pertussis
(Aoyama er a/ 1986). When Sug of cephalexin was added to CSM it
increased its specificity for £ pertussis and made it a better clinical
isolation medium than BG medium. It could also be used as a liquid
medium. However the major restriction is that the Mef3CD used in the CSM
18 expensive.

B parapertussis

Growth in the vertebrate host. 2 parapertussis infections
have been reproduced experimentally in mice (Chen es 2/ 1989). Natural
infections have been noted in both humans (Linneman, 1979) and sheep
icited by Chen er 2/ 1939). Very few studies have dealt quantitatively
with the growth of this species within the confines of the animal or human
host.

One study which examined some of these points was that of Chen
et 2/ 11989) who induced an experimental pneumonia in mice using six

strains of A paraperivssrs  which had been isolated from sheep
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bronchoalveolar washings. The inoculum (2.7 x 107 CFU/ml) was instilled
intranasally into three week old mice and sampling times over a period of
29 days were used. The number of viable bacteria colonizing the lung at
each sampling time was determined by plate counts and scored
semi-quantitatively i.e. large numbers {(+++), small (++), very small (+) and
none {-). During the study period the viable count of B paraperrussis
increased within the first couple of days when large numbers of bacteria
were recovered from the lungs. The viable count then decreased and
remained constant up until day eight. The numbers subsequently
decreased to zero after day 14. There are no other reports similar to that of
Chen er a/ (1989).

Growth on laboratory culture media. [n general, media used
for the isolation and culture of £ perrussis have been reported as also
heing suitable for use with £ parapertussris (Wardlaw, 1990Q),

Isofation and Iransport media. Of the transport media
described in Table 6 for £ pertussis three have also been employed for
the primatyisolation of B parapertussis. These were Stuart's transport
medium (Stuart, 1946}, Amies transport medium (Amies, 1967) and the
isolation and enrichment medium of Regan and Lowe (Regan and Lowe,
1977). Mishulow, Sharpe and Cohen, in 1953, described a charcoal agar
slope containing penicillin for transport of A parapertussis 10 the
laboratorv before isolation.

Both BG agar {Lautrop, 1960) and modified BG agar (Kendrick and
Eldering, 1969) have been used for the isolation of £ parapertussis from
human specimens. In 1974, Gopaul and Yu used two media for the isolation
of £ parapertussrs The first was BG agar containing 4 1g/mi of penicillin
and the second contained the selective agent described by Lacey (1954). It
consisted of a charcoal agar base with 10 % defibrinated horse blood and 2

ug/ml of M&B 938. To this was added a further 40 ug/ml! of cephalexin.
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Both media were used successfully for the isolation of 2 parapertussis.

Laboratory propagation media. Those media presented in
Tables 7 and 8 are also capable of supporting the growth of &
parapertussis. Being less fastidious than £ pertussis, B parapertussis can
be cultivated on MacConkey's agar and nutrient agar or in nutrient broth
{Topley and Wilson, 1975). When £ parapertussis is grown on nutrient
agar it causes a browning of the medium due to its ability to utilize
tyrosine (see Table 1) .

For references to the other media used for the cultivation of A
pardpertussis  the reader is referred to the previous section for A
Derrussss.

B bronchiseptica

Growth in the vertebrate host. Like B parapertussis, there
have been few studies of experimentally-induced infection of faboratory
animals with emphasis upon quantitating the levels of bacterial growth in
the animal’s tissues.

In 1970 Shimizu and co-workers infected hysterectomy-derived,
colostrum-deprived piglets, 5-6 days old, intranasally with a strain of £
bronchiseptica The strain had been freshly isolated from the turbinate of a
pig belonging to a herd with an acute rhinitis problem. The investigators
attempted to recover B bronchiseptica from the animals at 37 days and
three months of age. No viable count was reported at time zero although
reference was made to an inoculating suspension of 1 mg/ml (0.5 m! given)
B, bronchiseptica Upon sampling at 37 days over 50 CFU were recovered
on a plate culture when a swab was taken of the mucosal surfaces of the
turbinate and ethmoid, 10-49 CFU from the bronchi and 1-9 CFU from the
lungs. After three months only a few bacteria were recovered from the
ethmoid (10-49 CFU) and none was recovered from the turbinate, bronchi

or the lung. Shimizu ef a/ (1970} concluded that A bronchiseptrca
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multiplies in the aforementioned anatomical sites, causes damage and then
decreases in numbers, disappearing from the respiratory tract of pigs three
months after exposure.

Koshimizu er 2/ (1973) reported similar findings with intranasally
infected conventional pigs aged 5-6 days of age. A volume of 0.5 ml of an
initial inoculum of about 102 CFU/ml was instilled and samples were taken
at intervals of 1-2 weeks. At three weeks of age, £ bronchrseptica was
recovered from the nasal cavity, ethmoid, trachea and lung with greater
than 100 colonies per plate from a single swab. The viable count remained
constant for about 12 weeks (16 weeks in some cases) and then decreased,
with no cells recovered after 22-24 weeks.

Other workers reported similar findings but no quantitation was
recorded. Kemeny (1972} re-isolated A bronchiseptica from young pigs
after intranasal inoculation of crude nasal washings from swine with
atrophic rhinitis and also with a tryptone phosphate broth culture of a 2
bronchrseplics strain isolated from the nasal washings. A similar inoculum
to that of Koshimizu ez 4/ {1973) was used ie. 1.5 x 10? CFU/ml of which 4
mi was delivered with an atomizer.

Burek er 2/ 1(1972) successfully re-isolated £ bronchisepirca from
the trachea, nasal cavity and lung of conventional and germ-free rats after
aerosol infection, while Meyer and Beamer (1973) did likewise with
intranasally infected germ-free swine. In this study 4 bronchiseptica was
also isolated from the intestinal tract. Brassinne ez 2/ (1976) intranasally
infected gnotobiotic pigs with a strain of B bronchiseptica isolated from
the nasal cavity of a pig with atrophic rhinitis. He witnessed sneezing and
coughing and re-isolated the bacterium from the ethmoid, turbinates,
trachea and pneumonic lesions.

Similar findings have been reported in dogs infected by an aerosol

of A bronchiseptica \Thompson ef 2/ 1976). B bronclrseptrca was
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recovered from the nasal cavity, trachea, bronchi and lung of the infected
animals.

In none of these studies was reference to quantitation made.
Growth on laboratory culture media. The media that are used for the
isolation of A bronchiseptica can generally be employed for the further
cultivation of the organism.

Isolation and transpor? media. A number of different isolation
and transport media have been assembled in Table 9.

Blood agar and MacConkey's agar appear to be the most popular
isolation media (Thompson ef 2/ 1976, Bemis ef 2/ 1977b and Smith and
Baskerville, 1979). Other workers modified MacConkey's to give better
results and less contamination by the other bacteria of the respiratory
tract. Farrington and Switzer (1977) added furaltadone and nystatin to
double strength MacConkey's with 2 % dextrose. Bemis ez a2/ (1977b,
1977¢) used Levine eosin methylene blue agar for the successful isolation
of A bronchrsepirca from both nasal and tracheal swabs from infected
dogs.

In the study of Smith and Baskerville (1979) with pigs, two types
of modified MacConkey's agar were used; 1) MacConkey's agar plus 1 %
(v/v) glucose and 20 % MacConkey's agar plus | % glucose and 20 ug/ml
furaltadone. During this study a number of other isolation media were
employed. In aﬁdition to the modified MacConkey's medium and blood agar
two other media were described for the selective isolation of A
bropchrseplrcz  from pigs. Peptone agar was used which consisted of
bactopeptone, glucose, lactose, sodium chloride, bromothymol blue and agar
and a2 new medium named G 20G agar was also described. This medium
was based on peptone agar with added penicillin, furaltadone and
gentamicin. In these studies the anti-fungal agent fungizone was added to

all of the agars described. G 20G medium proved to be the most successful
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Table 9 : Isolation and transport media for # Aronchiseptica

Medium Reference(s)

Blood agar Thompson az 2/ 1976; Bemis ef a2/ 1977a;
Smith and Baskerville, 1979

MacConkev's agar Thompson ef a4/ 1976

Levine eosin methylene blue agar Bemis era/ 1977b, 1977¢

Fisk and Soave, 1973
Modified MacConkev's agar Farrington and Switzer, 1977
Smith and Baskerville, 1979
De Jong and Borst, 1985

G 20 G agar Smith and Baskerville, 1979
Peptone agar Smith and Baskerville, 1979
Modified BG agar Rutter, 1981
Pasturella multocrda and De Jong and Borst, 1985

B bronchrseplica selective agar
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in the isolation of A bronchiseptica.

Antibiotics have been used by other workers, for example, Fuzi
(1973) used penicillin, streptomycin and vancomycin as selective agents.
Nystatin and penicillin were used by Woode and McLeod (1967),
furzolidine by Koshimizu and co-workers (1973) and furaltadone and
nystatin by Farrington and Switzer (1977).

A selective BG medium containing furaltadone, penicillin,
amphotericin B, streptomycin sulphate and spectinomycin was used during
an investigation of atrophic rhinitis in pigs (Rutter, 1981).

Amie's transport medium is usually the choice for B dronchiseptica
(Bemis er 2/ 1977b) when direct inoculation onto an isolation medium is
not practicable.

Laboratory propagaltion media. The culture media used for
the other bordetellae (Tables 7 and 8) are also useful for laboratory
maintenance and cultivation of £ bronchrseptica Usually MacConkey's agar
and blood agar are routinely employed and Brucella agar has also been
used (Bemis es 2/ 1977c). The media described in Table 9 should be
suitable as propagation media in addition to isolation and transport, as
most are multi-purpose.

B avium

Growth in the vertebrate host. Arp and McDonald (1985)
produced a detailed study on the effect of temperature on the growth of &
avium in turkevs. They reported viable counts in the tracheas of turkeys
which were inoculated with 1093 CFU/ 0.5m! and then either heat-stressed
t40°C) or cold-stressed (35°C or less). Figure 3 was reproduced from the

original paper. In all cases there was an increase in viable count of A

aviym strains 78 and 338. The counts were expressed as logy CFU/cm

trachea. Seven to fourteen davs after challenge, Arp and McDonald (1985}

reporied that colonization of cold-stressed turkeys was significantly less
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Figure 3 : Growth of A avium in vivo Effect of temperature on
growth of A avium strains 75 and 838 in turkey tracheas at
35°C and 40°C. (from Arp and Mc Donald, 1985 and

reproduced with permission).



Logw CFU/cim Trachea

o Strain 75, < 35°C
A Strain 838, <35°C
@ Strain 75, 4Q°C
A Strain 838, 40°C

Lo 1

14 21
Days Postinoculation



40

than that in heat stressed birds ie logyg CFU/cm values of 6 and 6.5 in

cold-stressed birds (strains 78 and 838 respectively) compared to 5.5 and
5 for heat-stressed birds (78 and 838 respectively). However by 21 days
there was no significant difference between the two types of bird.
Comparing numbers of bacteria in the upper and lower trachea of the
turkeys -the investigators found that in cold-stressed birds there were
more organisms present in the upper than the lower portion of the trachea.
The counts from the upper and lower trachea of heat-stressed turkeys
were not significantly different. Observations after 21 days were not
reported.

No other reports similar to this one or dealing with increases in
viable counts within the avian host have been uncovered despite extensive
searching.

Growth on laboratory culture media. The growth and isolation
media used for Z avium are the same as those for A bronchisepiica
although other media which are only used for £ avium are also described.

Isolation and Iransport media. In 1979, Simmons and
co-workers isolated A av/um from turkey polts using chocolate agar
fortified with Iso Vitale X enrichment and included chloral hydrate to
prevent the swarming of motile contaminating bacteria. The same workers
used MacConkey's agar with 5 % agar to serve a similar purpose as the
chloral hydrate. Simmons ez &/ (1984) used MacConkey's agar to isolate 5
avium from turkey poults as did Hofstad and Jeska (1985) and Blackall
and Farrah (1985). In the study of Blackall and Farrah (1985) other
isolation media used included blood agar and Salmonella-Shigella agar.

Laboratory propagation medfa. The media used for the
isolation of A avium also serve as good cultivation media. For example, the
isolation media used by Blackall and Farrah (1985) were employed as

growth media in the same study. Kersters ez 2/ (1984) recommended the
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use of blood agar containing Columbia agar base and 7 % defibrinated
ox-blood or veal infusion agar for the cultivation of £ avium.

During a study of the physical, biochemical and pathological
properties of A avium, Simmons and coworkers (1979) used brain heart
infusion broth and agar for the cultivation of the bacteria. In 1983, Rimler
and Simmons grew £ agwwm on a number of different media including
bovine blood agar, MacConkey's agar, Salmonella-Shigella agar and
Simmons Citrate agar. Arp and McDonald $1985) used brain-heart infusjon
broth while Hofstad and Jeska (1983) employed dextrose-starch agar slants
for cultivatjon.

In addition to the solid media described A awvsum should grow in
the liquid media described for the other bordetellae.

Nutritional requirements of Bordetel/a

Early work on the nutritional requirements of this group dealt with
B pertussis, B parapertussrs and B bronchiseptica (Proom, 1955, Rowatt,
1955 and Jebb and Tomlinson, 1955, 1957). Later Kersters ez a/ (1984)
detailed the requirements of 2 avium

The Aorderellz have relatively simple nutritional requirements
with some similarities between species. All species have an absolute
requirement for nicotinic acid and utilize amino acids as their primary
carbon and energy source (Proom, 1955, Rowatt, 1955 and Kersters er 4/
1984). Table 10 shows the minimal amino acid requirements of £#
periussis B parapertussis and B broncharseptica presented in a detailed
study by Proom {1953). His results have been confirmed by other workers
{Rowatt, 1955, Jebb and Tomlinson, 1955, 1957).

Glutamic acid appears to be the prefered amino acid and in simple
amino acid mixtures is the first to be utilized by £ pertussis B
parapertussis and B bronchiseptica (Rowatt, 1953, Jebb and Tomlinson,

1955, 1957; Goldner ef a2/ 1966). B. bronchiseptica has the simplest needs
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Table 10 : Minimal onutritional requirements of 5 pertussis, B.

parapertussis and B broochiseptica. (modified from

Proom, 1955)

Medium Bpo Bpp Bhr

Q " B
1. ABSM + complex amino acid {aa)
mixture + nicotinic acid (NA) D . .

2. Medium 1 without NA - - _

3. ABSM + 7aa mixture -C N .

4. Medium 3 without glutamic d - -
acid

S. Medium 4 with alpha- +€ * .

ketoglutaric acid
6. ABSM + NA + glutamic acid + - € +
proline + leucine
7. Acetate citrate + NA - - -
8. ABSM + NA + either alpha-

ketoglutaric acid, acetate, - - a. Old lab strains
citrate, glucose, glutamic are + with all
acid or pyruvate but glucose

b. Fresh animal
strains are + with
lactate or citrate

only

2 A mmonia Basal Salt Medium; P phase I required starch; € with cystine;

d with cystine; € with cystine and methionine
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and can grow in a mixture of glutamic acid, proline and leucine. Proom
(1955) suggested that B parapertussis required added cysteine and
methionine and 4 pertussis required in addition alanine, asparagine and
serine for good growth (Proom1953). However Stainer and Schoilte (1971)
grew A pertussis in a mixture of glutamate, proline and cystine.

None of the Bordetel/a utilize carbohydrates (Proom, 1955; Rowatt,
1953; Jebb and Tomlinson, 1955, 1957; Kersters er 2/ 1984) although £
bronchrseptrea can use the organic acids lactate and citrate as alternative
carbon and energy sources (Proom, 1955). This also is the case with &
avium (Kersters er 2{ 1984). Proom (1955) noticed that alpha-ketoglutaric
acid could replace glutamic acid as the primary nutritional factor, even in
the case of A pertussis, if cystine was also added. A pertussis appears to
have an essential requirement for cystine, presumably as a sulphur source
(Proom, 1955).

A avium has been the subject of least investigation and to date
little work on the nutritional requirements has been undertaken. Its
requirements appear to be similar to those of B bronchiseptica with which
it shares a number of other traits (see Table 2). £ avum can utilize
organic acids as a substitute for amino acids and in a simple amino acid
mixture it used similar acids to those of £ bronchiseptica For information

about B awvium see Kersters et 2/ (1984).
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Part 3: Respiratory tract and its secretions

Anatomy of the respiratory tract

For purposes of this thesis, the respiratory tract may be regarded
as a system of branching tubes that fuse with the main airway and whose
surface supports the growth of the bordetellae.

The trachea is a thin-walled tube composed of connective tissue
strengthened at intervals by incomplete, C-shaped rings of cartilage which
prevent collapse. [t branches into the two main bronchi, whose structure is
similar to that of the trachea and which is retained through the many
successive branchings within the lungs, to the alveoli. The bronchi are
supplied with blood by bronchial arteries and some of the deoxygenated
blood is drained by bronchial veins. The lining of the tracheobronchial
system protects the lungs from dehydration and invasion by foreign
particles, including microorganisms.

The lungs develop at the ends of the bronchi, each lobe being
served by an internal bronchus. The functional lungs are elastic spongy
organs, consisting of several lobes, that occupy the thoracic cavity. Each is
covered with a membrane, the pulmonary pleura, which forms a
continuous sacg, enclosing the lung and continuing as the parietal pleura of
the chest cavity. The potential space between the pleurae is the pleural
cavity and each lung is enclosed in a separate pleural cavity. The function
of the lungs is gas exchange.

Respiratory tract {luids.

Mucus and respiratory tract secretions arise from two sites, the
submucosal glands and epithelial surface (goblet) cells. The collection and
the composition of these secretions will be the main focus of attention for
this section as it will be from the secretions that the bordetellae derive

their nutrients during infection. Although there are reviews on respiratory
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tract fluids (Yeager ,1971, Boat and Cheng, 1980, and Richardson 1988)
none contains information on potential Bordetel/a nutrients.

Methods of Collection. Attempts to collect respiratory tract
fluids date back to 1882 when Rossbank used blotting paper to dry the
exposed tracheal mucous membrane of cats and dogs during his research
into mucus replenishment (cited by Boyd, 1954). Table 11 summarizes
early work on respiratory tract fluids.

Many of the early experiments used ar(f,:esthetized animals with an
indwelling tracheotomy tube, the system being brought to physiological
temperature and humidity ie. Boyd technique (Boyd, 1954). Another
method, of use in short-term studies only, involved severing the trachea
completely and fixing the transected ends inside a plastic cylinder, the
secretions being collected from the cylinder (Hilding, 1966). Figure 4 shows
a few devices used for the collection of respiratory tract fluids. The "
tracheal pouch " technique was described in dogs (Wardell, e 2/ 1969).
With this method a 5-6 cm segment of trachea was isolated by transections
above and below, the isolated segment having an intact blood and nerve
supply. The two ends of the remaining airway were then anastomosed and
healed satisfactorily. The proximal end of the isolated tracheal segment
was then brought to the exterior and sutured to subcutaneous tissue in the
neck. The distal end of the segment was ligated. The system remained
sterile and the mucosa appeared normal by light microscopy. Repeated
cotlection of secretions were made over a period of months with the dogs
unanesthetized.

Most studies on human tracheobronchial secretions have been
carried out on expectorated sputum from patients with chronic bronchitis,
making the secretions abnormal from the beginning (see review by Yeager,
1971).

Bronchoscopy was a common method which eliminated the
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Table 11 : Early research with respiratory tract fluids.

Method Reference
Drying exposed trachea mucus membrane Rosshack, 18822
of dogs and cats with blotting paper. Calvert, 18962
Collection in calcium chloride tubes Henderson and Taylor,
attached to a tracheal cannula. 1910
Postural drainage and bronchoscopic Jackson and Jackson,
suction. 1934
Tracheal cannula with a glass tube Perry and Boyd, 1941
attatched.

2 cited by Boyd, 1954
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Figure 4 : Collection devices for respiratory tract fluids.
(Reproduced from Hilding, 1966 and Adams ef &/ 1976,

with permission)
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problem of contamination with oral secretions. [t was usually necessary to
irrigate with a saline solution to obtain the secretions even through the
bronchoscope because of the small amount of material recoverable. An
ingenious suction trap device connected to a warmed, humidified
tracheoctomy tube has been described for the collection of human
tracheobronchial secretions (Toremalm, 1960). Keimowitz (1964) described
another method. Immediately after induction of anesthesia (Halothane or
nitrous oxide) a catheter was passed through the endotracheal tube and
approximately 10 ml of isotonic saline was instilled then suctioned into a
Luken's collecting tube (about 1 ml was recovered),

During his investigations into the chemical composition of
secretions from patients with cystic fibrosis, bronchiestasis and
laryngectomy (Matthews ez 2/, 1963), secretions were expectorated onto
gauze squares and the gauze was then pressed together to absorb the
saliva. The saliva-free secretions from patients with cystic fibrosis and
bronchiectasis were then transferred directly into plastic vials. The
‘normal’ secretions were aspirated directly from their tracheostomies into
plastic vials. All samples were kept at 5°C during the collection period and
then stored at -70°C prior to analysis.

Adams er 2/(1976) collected airway secretions from dogs on a
plastic-coated glass fiber screen. This device can be seen in Figure 4. In
studies on bronchoalveolar lavage fluids from smokers and non-smokers,
Low er a/ {1978) employed transnasal fiberoptic bronchoscopy with
pulmonary lavage. Four 60 ml boluses of sterile 0.9 % saline solution were
instilled and immediately withdrawn through the channel of a 5.2 mm
fiberoptic bronchoscope gently wedged into a subsegmental bronchus of
the right middle lobe or lingula. Transtracheal aspiration was used in only
the most urgent cases as fatalities have occured {Pratter and Irwin, 1979)

Oropharvngeal contamination was eliminated with this method. [t involved



49

insertion of a large-bore needle through the cricoid membrane extending
only a few millimetres into the trachea. A catheter was then passed via the
needle into the trachea and the needle removed. Specimens were obtained
by suction with a 20-30 cc syringe.

Open lung biopsy has been used in compromised hosts where
differential diagnosis includes infective and noninfective diseases. This
method allows sampling of different anatomical sites and collection of
larger specimens than less invasive biopsy proceedures (Yeager, 1971).

In most cases the processing of the secretions was similar;
centrifugation was followed by decantation of supernates which were split
into aliquots and stored frozen (-20°C or -70°C) if not used for immediate
analysis (Yeager, 1971, Low ef 2/ 1978, Boat and Cheng, 1980).
Composition.

In the text that follows a distinction will be made, where possible,
between secretions and washings Respiratory tract secretions (RTS) are
taken to mean the undiluted fluid collected from the respiratory tract and
tracheobronchial washings (TBW) to indicate that some kind of lavage
procedure was used. Where it is not necessary to make this distinction the
term respiratory tract fluid (RTF) will be employed.

Reviews on the composition of these washings and secretions
include those by Ramirez, e @/ (1971), Yeager (1971) and Boat and Cheng
{1980).

General Composition. The RTS from humans contained
approximately 95% water and 5% solids (Matthews ez 2/, 1963). Some of
the water was free but much of it\ia?either bound at one of several levels of
affinity to macromolecular components or was trapped within the
interstices of a gel matrix, formed by polymerization and aggregation of the
mucous glycoproteins and other macromolecular components. The free

water and soluble components formed an- aqueous layer, the periciliary
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fluid, bathing the cilia (Lucas and Douglas, 1934). The mucous gel overlay
this layer. Recovery of the periciliary fluid alone for analysis was not
possible, but, the aqueous fracticn obtained upon centrifugation was
thought to be similar in composition to the periciliary fluid (Boat and
Cheng, 1980).

The solid content of human RTS included 2-3 % proteins (4 % in
healthy dogs; Reasor, ef 2/ 1978) and glycoproteins, 1 % lipids and 1 %
minerals (Matthews er 2/, 1963). The fluids obtained from the trachea
were somewhat hypertonic with an osmolarity of 359 + 56 mmole/1000 g
(Boat and Cheng, 1980). The water in the RTS contained inorganic salts,
proteins and glycoproteins (Richardson and Phipps, 1981).

With regard to the cellular content, degenerating macrophagefwere
most abundantly recovered from RTF (948 + 28%) followed by
lymphocytes (3.5 + 2%) and polymorphonuclear leukocytes (1.7 +1.6%)
(Low er a/, 1978). These figures were taken for lavage fluids and they may
therefore be greater in the whole undiluted secretions.

laorganic Components. In 1954, Boyd reported chloride levels
of 5.2 + 2.6 mg/ml in rabbit, cat and dog RTS. He also reported a potassium
level of 0.76 mg/ml in the cat RTS.

Two studies which concerned themselves with the inorganic
analysis of human RTS were those by Matthews era/ (1963) and Potter e
a/ (1967). Their results can be seen in Table 12. Matthews &7 2/ (1963)
investigated the overall chemical composition of pulmonary secretions
while Potter er 2/ 11967) studied the ionic enviroment of secretions from
patients with cystic fibrosis, bronchiectasis and larvngectomy ("normal”}.

Sodium and chloride concentrations were high in " normal
secrefions compared with potassium and calcium which occurred at much
lower concentrations. Up to 15 % of the monovalent ions and 30 % of

calcium were not removed by dialysis, suggesting that considerable ion-
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Table 12 : Inorganic composition? of human and animal (stated)

respiratory tract secretions.

Reference Inorganic component

(mean + SD)

Boyd (1954) Cl =5.2 + 2.6 (rabbit, cat and dog)

K =0.76 (cat)

Matthews er a/{1963) Ca =0.062+0.02
P=-027:0.16
Na=165+042
Cl=162:06
K=01322+0.054

Potter er 2/ (1967) Na=211.1+338 mM/L
K=166+34 mM/L
Ca=245+-1.11 mM/L
Cl=156.7 + 24.6 mM/L

2 mg/ml unless stated
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-binding to macromolecular components existed (Potter ez 2/, 1967).

Proterns. Several studies have reported the protein content of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>