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ABSTRACT

The resurgence of pertussis in several highly vaccinated countiies has stimulated this study
of the genotypic diversity and epidemiological typing of Berdesella pertussis. The genotypic
variation of B. perfussis was investigated in 318 UK clinical isolates from 1920-2002, using
pertactin (prrd) and pertussis toxin S1 subunit (pixA) gene typing. Isolates before 1979
wete all (97/97) prrA(1), and identical to the three UK Wellcome whole-cell vaccine
(WCV) strains. Since 1982, the novel types prasl(2) and pruA(3) wete recoveted, so that
from 1998-2002, 81/133 (61%) isalates were non-prA(1) (P=0.0006). Two pxA variants,
A1) and pixA(2), were found and these both occut in the UK Wellcome WCV. The
temporal expansion of pix/A(1) in UK isolates is also significant (P<0.0001), from 40/73
(55%0) isolates between 1920-1956, to 133/133 (100%) prxcA(1) isolates between 1998-2002.
These ptxeA4 UK data argue against the theory of vaccine-driven evolution, proposed aftet a
study in 'Lhe Nethetlands reported a shift in citculating B. perfussés strains towards non-
vaccine types. To challenge this theory further, 149 isolates were randomly-picked from
1940-1999 to calculate the genotypic divessity (GD) in each decade using IS7002-based
restriction fragment length polymorphism (RIFLP) analysis. Of the 24 different RFLP types
identified, RILP-1 was present in all decades in 64/149 (43%) isolates. The threc types
RFLP-1, RFLP-2, and RFLP-3, which are present in the Wellcome WCV, constituted a
major proportion of isolates in the 1990s at 32/36 (89%0). The calculated GD values
revealed a drop after the introduction of the pertussis WCV in 1957 from the 1940s (0.81)
to the 1950s (0.64), (P=0.092), and a significant decteasc from the 1980s to the 1990s (0.84
compared to 0.57, P<0.01). An association was seen between the UK pertussis notification
figures and the GID values of cach decade, hence, when pertussis notifications were high,
the G increased, which could be due to the clonal expansion of B. persussis. Comparisons
with other countries concerning prud and péscA genc types, RFLD types and genotypic

divetsity are discussed.

Ninety UK isolates, from September 1998 to April 1999, were investigated, along with
cottesponding clinical and epidemiological information, for any associations with the
Taboratory typing data. The most significant findings wetce that the under two month age
group is mostly at risk of pertussis infection, and that cases admitted to hospital are more
likely to be infected with a serotype 1,2 (=0.017) and/ox a praA(1) (P=0.025) strain,
Incidentally, there was a very significant association between serotype 1,2 with praA(1), and
serotype 1,3 with praA(2) (P<0.001). These associations may be vicwed as indicators of

severe pertussis disease.




Isolates (n=44) from Missouti, USA wete also characterised, after an increasc in pertussis
in the swmmer months of 1999. Epidemiological typing confirmed that RIFLP-1 and RFLP-
2 are successful global lineages of B. per/ussis, and that the number of RFLP types dropped
from 10 types in the 1980s to 4 types in the 1990s. A novel pertactin gene type, prA(9),
was found in two of the isolates and differs from preA(2) by an extra GGFGP repeat. Ten
isolates from Kunsas City were all serotype 1,2, pruA4(2}, pixA(1), and RFLP-1, but were
divided into two PFGE types, PFGE-2 and P¥GT:-3, which emphasises the difficulty of

choosing an optimum typing imethod for epidemiological investigations.

'L'o date, the evaluation of typing methods used for B. persxssis has not been performed
extensively. Therefore, in this thesis, the recognised methods, namely serotyping, pulsed-
field gel electrophoresis (PFGE) using Xbal, and IS7002-RFLP analysis, were evaluated
accoiding to guidelines recommended by Struelens, M. J. and the Members of the
European Study Group on Epidemioclogical Markers 1996, Clin Microbio! Infoct, vol. 2, no. 1,
pp. 2-11. 1t was found that, PFGT typing gave a good disctimination index value, but gave
2 low score for reproducibility, and further wotk is required to optimise this method.
Futthermore, if praA and péeA gene typing were included in the evaluation, combined with

serotyping, this combination would equal the discrimination of PFGE.

Other typing methods attempted for B. perfussiv included direct sequencing of adenylate
kinase (ad#) and filamentous hacmagglutinin genes (aB), and single-enzyme amplified
frapment length polymotphism (AFI.P) analysis with a selection of enzymes and selective
priters. The type strain and a clinical strain, generated one and six single nucleotide
polymorphisms (SNPs) in adk and fhaB, respectively. The discriminatory ability of the
single-enzyme AFTI? analysis was not satisfactory, as only a few different profiles were scen
in the nine isolates tested. However, at least four AFLP profiles were generated using Pyl

enzyme, and the sclective primer Pst-C.

The direct detection and epidemiological typing of B. perfussis in 20 previously untypable
clinical samples was attempted using priA and pixA as targets. Six clinical extracts
generated prarl and pired (5/6) sequence data, therefore confitming that these typing
procedutes on B. pertussis PCR-positive clinical specimens is worthwhile in order to
genetate the prad and pixA distributions from babies or adults presenting atypical
symptoms. This strategy should also be encouraged in other countries that have studied
prid and pixA allele distributions, in order to update the representation of the genetic

diversity of B. pertussis.
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1 INTRODUCTION




1.1 Bordetella species

At the time of writing this thesis, eight Borderells species had been described (Table 1.1,
page 5). A chronological account of how these species became members of the Berdesella

genus is given below.

1.1.1 Historical account of the Bordetella genus f

An epidemic of whooping cough was fitst described in 1578, by the French physician de

Baillou (Holmes, 1940.). In 1904, Joules Bordet aud Octave Gengou isalated the causative

agent from a patient in the acute stage of the disease (Table 1.1, page 5) (Bordet and

Gengou, 1906). 'This organism, originally known as Hasmephilus perinssiy (Leslic and K
Gardnet, 1931), is now the type specics of the Bordetella genus (Pittman, 1984). The host ‘
range of B. pertassés s limited to humans and it is the only spedcies in the genus to produce

pertussis toxin, which may contribute to the prolonged paroxysmal coughing that is most

sevete with B. pertussiy infection. Berdetella bronchiseptica, described in 1912, causes respiratory

disease in a broad range of hosts. These diseases include kennel cough in dogs, atrophic :
thinitis in pigs, and other illnesses in many other domestic and wild animals, including

horses and rabbits (FFetry, 1912). However, it is an infrequent opportunist in humans

(Pitunan, 1984). Bordetella parapertussis, first described in 1938, generally causcs a milder

form of whooping cough in humans, and was originally diffetentiated from B. pertursis by

its more rapid growth, and its ability to produce a brown pigment on tyrosine agar

(Cldeting and Kendyick, 1938). Bordetella paraperinisis has also been isolated from sheep

(Cullinane e a/, 1987). However, human and sheep isolates of B. parapertassis have distinct

characteristics (van der Zee ¢ af,, 1990a).

Until recently, classification of the genus Bordete/la has been based primarily on the three
‘classical’ species described above, B. periussir, B. parapertusiis and B. bronchiseptica (Gerlach ef
al., 2001). However, in 1984 Kersters and colleagucs proposed the species Bordetella avinm
(originally identificd as Aleafigencs faccalis (Simmons ef l., 1980)) to include organisms
isclated from the respiratory tract of tutkeys and other birds presenting turkey coryza or
rhinotracheitis (see Table 1.1, page &) (Kersters e o/, 1984). At this timne, Volume T of
Bergey’s Manual of Systematic Bactetiology, described B. avium as a “Bardetella bronchiseplica-

like bacterium™, and defined the Bordefelie genus as:

“Minute coccobacillus, 3.2-0.5 um in diameter and 0.5-2.0 pum in length, often

bipolat stained, and arranged singly or in pairs, more rarely in chains. Gram-

o




negative. Nonmotile, two species; motile, one species, by perittichous flagella.
Strctly acrobic. Optmum temperature, 35-37°C. Colonices on Bordet-Gengou
medium are smooth, convex, peatly, glistening, ncatly transparent and surrounded
by a zone of hemolysis without definite periphery. Metabolism respiratory, nevet
fermentative. Chemoorganottophic, require nicotinamide, organic sulfur {e.g.,
cysteine) and organic nitrogen (amino acids). Utilize oxidatively glutamic acid,
proline, alanine, aspattic acid and serine with procuction of ammoniz and CO,.
Litmus milk 1s made alkaline. Mammalian parasite and pathogen. Localize and 3
multiply among the epithelial cilia of the respitatory tract. The mol% G+C of the
DNA is 66-70 (T ).”
(Pittman, 1984)
After prior assignments to Akalpenes, Bruvelia and Haemopbilus (Pittman, 1984), de Ley and
colleagues (1986), proposed that the four Bordefella species should be included in a new
tamily, Alaligenaceae, together with Achromobacier and Alealigenes species, based on DNA-
rRNA hybridisation and phenotypic analyses.

A group of isolates which were Gram-negative, non-oxidising, soluble, brown pigment-
producing rods were initially classified in the Centers for Disease Control and Prevention
(CDC), Atlanta, United States of America (USA) as CDC non-oxidiser group 2 (NO-2)
(Weyant e al., 1995). These isolates were found mostly in the blood of young adults, and
thetefore were not mitially considered as members of the Berdetelia genus, possibly due to
the lack of association with respiratory discase (Weyant e ¢4, 1995). However, after genetic
and chemotaxonomic analyses, these isolates were desctibed as Bordetellu bofuesii (Table 1.1,
page 5) (Weyant ¢/ 4/, 1995). Subsequently, they have been isclated from nasopharyngeal
specimens (Mazengta ef @/, 2000; Yih ¢ o2, 1999). Isolation of B. hofmesii has been described
in patients with certain underlying conditions such as sickle-cell anaemia (Njamkepo ¢ 4,
2000) and those undergoing haemodialysis (Greig ¢f o/, 2001). Another Bordetedla species,
Rardstella hingii was also described in 1995, and is sinilar to Boerdezella aviven in that they have
both been isolated from birds (Vandamme e 4f.,, 1995). Bordeteiin hinzii has also been
isolated from itmuno-compromised patients, such as those with acquired imtmune
deficiency syndrome (AIDS) (Cookson ¢z a#/, 1994) and cystic fibrosis (Funke ¢z 4., 1996).
Bordetella tremsatum was described in 1996 (Vandamme e¢f al, 1996) and has to date, not been
isolated from the respitatory tract, but from wounds and car infections of humans,
Genotypic and phenotypic comparisons of these three Bordetelly specics have placed them

in the Baordetella genus.

fav .




Prior to 2001, all members of the Burdeiella genus were obligatoty parasites of either
humans, other mamumals or birds, and mostly isolated from the epithelial cilia of the
respiratory tact (Table 1.1, page 5). Berdetella pertussis, B. parapertussis and B. bronchisepticat ate
capable of intracellular survival in host cells (Forde ¢f o/, 1998; Friedman ez 4/, 1992; Lee o/
al., 1990). Furthetmore, B. bronchiseptica and B. paraperinssis have been shown to grow and
sutvive in natural waters and other Jow-nuttient conditions, suggesting that they might have
an environmental reservoir (Porter ¢ 4/, 1991; Porter and Wardlaw, 1993). This suggestion
was {urther supported by the desctiption in 2001 of Berdefella petrii, which was isolated from
tiver sediment and enriched in an anaerobic, dechlorinating bioteactor (von Wintzingerode
¢t at., 2001). L'his new species, through phylogenetic and chemotaxonomic compatisons,
was found to be most closely related to the Bordete/la species (von Wintzingerode ez o,
2001). Although B. pefrii is an environmental isolate and a facultative anaerobe, this

designation has been accepted, but its pathogenicity and animal hosts, if any, are unknown.

1.1.2  Amended definition of the Bordetella genus

The description of B. peirii has caused the definition of the Bordetella genus to be modified

to:
“Grram-negative, catalase-positive, asaccharolytic coccobacilli with an DNA [mole
petcent of guanine and cytosine content] G+C content of 60-69 mol%. Growth
occuts strictly aerobically, facultatively anaerobically and non-fermentatively. One
species [B. pefril is able to grow anaerobically under conditions favouting
respiratory nitrate and selenate teduction. Species assimilate citrate undet aetobic
conditions, one species [B. pefni] assimilates D-gluconate. ... ... ... Strains wete
isolated from humans and warm-blooded animals, one steain [B. pefriz was tsolated
from the environment. Based on compurative 16S tRINA gene sequence analysis,
the species forms a distinct cluster separated from members of the genera
Achromobacter and Alealigenes within the S-Proteobacteria. The type species of the genus
1s B. perfussts”

(von Wintzingerode e 4/, 2001)

‘L'hus, the Bordetella genus has expanded to include recently desctibed specics.
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1.1.3 Differentiation of species within the Bordetella genus

Bordeislla species can be differentiated by 2 number of phenotypic tests including motility,
presence of flagells, and the time taken for appearance of visible colonies on agat plates
(Table 1.1, page 5). Other uscful tests include the lack of growth on MacConkey apar for B,
periussis and some B, holmesi strains, and that only B. pargperfussis and B. helmeiii are able to
produce a brown pigment when grown on agar containing tyrosine. Biochemical tests such
as utease and oxidase production are also useful for differentiating the Bordetedla species

(Robexts and Pagton, 2001; von Wintzingerode ¢ af, 2001 and 2002},

1.2 Bordetellavirulence factors and pathogenesis

Consistent with their close genetic relationship, the three “classical” Berdefella species, B.
pertussis, B. paraperinssis and B, bronchissplia, have many virulence factors in common (1'able
1.2, page 7). These can be divided into two classes dependent on their function: toxins
including pertussis toxin (PTX) and adenylate cyclasc toxin (ACL), and adhesins such as
filamentous haemagglutinin (FHA) and fimbtiae (FIM). Most of the important virulence
factors have been characterised for B. pertaisds, and those central to this thesis are described

further.

1.2.1 Regulation of virulence factor expression

The regulation of the expression of Bardeie/la virulence factors has been studied for many
years. Infrequent changes in virulence propetties of fresh isolates were first described by
Leslie and Gardner (1931) as ‘phase variation’. Lacey, in 1960, introduced the term
‘antigenic modulation”, where B. purussis isolates, when grown under submodulating
conditions, can reversibly convert from an X mode (viruleat), to the C mode (avirulent) via
an intermediate mode (I) (Lacey, 1960). In 1984, Weiss and Falkow (1984} brouglit
together the infrequent action of phase variation and the freely reversible antigenic
modulation by suggesting a common tegulatory mechanism was involved, ideqrified as the

virulence regulatory locus, #i#, and later re-named the bordetelia virulence gene (fg).
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The byglocus is present in B. pertussis, B. paraperiussis, B. bronebiseptica and B. avium (Axico ef
al, 1991; Gentry-Weeks ¢f 44, 1991), and codes for two proteins, BvgA and Bvgs, as part of
a two-component system (Figure 1.1, page 9). The bue locus is activated (Bvg” phase) when
the temperature is above 30°C and no nicotinic acid or magnesium sulphate (MgSO,) 1s
present. Transcription of many virulence-activated genes (#gs) seetns to be activated at
different times after transfer to the non-modulating conditions ((Thl and Miller, 1994; Uhl

and Millet, 1995). ‘Early activated’ promotess include those genes encoding adhesins FiM

hours later (Scarlato ef a/., 1991). The gene encoding pettactin (PRIN), an adhesin, is
intermediately transcribed (Kinnear ¢f o/, 1999). Atlow temperatutes, ot in the presence of
nicotinic acid or MgSQ,, the »q¢ genes ate silent, and another set of genes, the virulence.
repressed genes (rg) arc expressed (Bvg phase). These genes, studied morte extensively in
B, bronchiseptica, are involved in motility, iron-scavenging, urease and phosphatase activity
(Aketley ef @, 1992; Giardina ef o/, 1995; McMillan ¢/ 4/, 1996; Chhatwal ¢/ o/, 1997). An
intermediate 4zg phase (Bvg' phase) has been teported recently, and is characterised by the

expression of BipA, a bordetella Bvp-intermediate phase protein (Stockbauer ef 4/, 2001).

A second two-component regulatory system (regulator of intracellular response, the #5
locus) has been described recently in B. brozuchiseptica and B.perfussis, although its proposed
role in bacterial resistance to oxidative stress, the production of acid phosphatase and é »2ve

petsistenice has been observed only in B. bromebiseptiea (Junguitz of al, 1998).

122 ‘Toxins

1.2.2.1 Pertussis toxin

Pertussis toxin is produced only by B, perturssis, and although B. brenchiseptica and B.
parapestussis both possess the genes for this complex protein, they arc silent and therefore
the protein is not transcribed. The protein PTX is a 117 KDa A-B exotoxin, similar to
thosce produced by Corynebacterim diphtheriae and Vibriv thoterae. It is made up of five
different polypeptides (S1 to S5) in a 1:1:1:2:1 xatio, with the S1 subunit comprising the A
protomer, and the B cell-binding subunit involving the other polypeptides S2 to 85
(Robetts and Parton, 2001).
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The B oligomer forms a triangular structure for the S1 subunit for cotrect insettion into the
cytoplasm of mammalian cells (Stein ez 2/, 1994). The S2 and 83 subunits constitute the
recepror-binding domain, preferentially binding to glycoproteins. Aftet teceptor binding,
the S1 subunit dissociates from the B oligomer and is translocated through the
endoplasmic reticulum membtane, probably via the retrograde transpott system (el Baya ¢f
al., 1997). A set of nine pertussis toxin liberation gencs (p#) are involved in the
transpottation of the pertussis toxin through the inner and outer membranes of B, perinssis
(Farizo e af, 2002). Transportation of PIX through the outer membtane could be due to
the formation of a pilus-like structure of the p#/ products, where extra PTL proteins are
added on to the structute to push out the pertussis toxin (see Figure 1.1, page 9). The ptre
and p/ loci are present in B. paraperiusiic and B. bronchiseptica, but due to mutations in the
pixA promotet gene, they are not tanscribed and therefore, there is no expression (Locht

and Antoine, 1999).

The S1 subunit {the A protosmer) possesses an enzymatic activity, specifically causing the
adenosine diphosphate (ADP)-ribosylation of a host-cell G protein, (G, that normally
inhibits mammalian adenylate cyclase (AC) activity. This results in continuous activation of
AC by another stitmulatory G protein, Gg. The &1 subunit has various pathophysiological
and immunomodulating activities, such as histamine and serotonin sensitgsation, activation
of insulin sectetion, stimulation of hacmagghitination and inhibition of neutrophil oxidative
burst (Mills, 2001). The immunomodulating activities make P'IX a good candidate for
inclusion in acellular vaccines (ACVs) (Munoz, 1985; Mills, 2001}, Formaldehyde-toxoided
PTX (PTXd) gives protection in mice against both intra-cerchral (.c.} and aerosol
challenges with B. pertassis (Sato and Sato, 1984). Genceucally-inactvated pertussis toxin
developed by Peppoloni and colleagues (1995) for inclusion in ACVs, contains three T cell
antigenic sites in the S1 subunit: 1 to 42, 181 to 211, and 212 to 235 amino acids. These
sites in the 81 subunit have been shown by Moot ef o/ (1998) to exhibit polymorphisms at

the genetic level, and this will be described lates (1.6.4, page 46).

1.2,2.2 Adenylate cyclase toxin

Adenylate cyclase toxin (ACT) is a bifunctional 177 XKXDa protein belonging to the RTX
(tepeat in toxin) family, and is produced by B. pertussis, B. parapertussis and B. bronchiseptica
(Roberts and Parton, 2001). It possesses weak haemolytic activity and, because of its
calmodulin-dependent adenylate cyclase activitly, is capable, after gaining entry, of
intogicating a wide range of eucatyotic cells, including neutrophils, monocytes,

mactophages and natural killer cells (NICCs) (ITewlett and Gordon, 1988). Antibodies

R




against adenylate cyclase are produced duting pertussis infection and in humans vaccinated
with pertussis whole-cell vaccines (WCVs) (Faxfel ¢z al, 1990). Adenylate cyclasc toxin is
protective in mice against respitatory tract challenge with B, perussis (Guiso ef al, 1991;
Hotmozi ef al, 1999), and there have been suggestions to include a detoxified form of ACT

in ACVs,

1.2.2.3 Dermoneciotic toxin

Detmonectotic toxin (IDNT), becomes completely inactive when heated at 56°C for 10
minutes, hence the alternative name, heat-labile toxin (Nukase and Endoh, 1988). The toxin
was later renamed desmonecrotic toxin, because it can cause nectotic lesions when injected
subcutaneously into rabbits, mice or guinea pigs (Locht and Antoine, 1999).
Dermonccrotic toxin 1s highly lethal when injected intravenously in mice (LDg,=6.0 ng),
and the mouse toxicity test for WCV safety was inttoduced by Pittman and Cox (1965),
chiefly to ensute DNT was destroyed during vaccine production. This 160 KDa toxin is
produced in B. pertusiis, B. parapertussis and B. bronchisepiica, and was one of the first
bordetella toxins to be desciibed, Bordetella avinm 2lso produces DNT, but at a slightly lower
mass of 140 KXDa (Gentry-Weeks ¢f 44, 1988). Dermonectotfic toxin is not secreted
extraccllularly and is localised in the cytoplasm. This, and also the very low expression level

of DN'I', has made it problematic to putify the protein (Smith ez #/, 2001).

1.2.2.4 ‘I'racheal cytotoxin

Tracheal cytotoxin (TCT) was discovered by Goldman and colleagues (1982), due to its
ability to cause ciliostasis and ciliated cell extrusion in hamster tracheal organ cultures, and
inhibition of DNA synthesis in hamster tracheal epithelial cells. A similar action is seen in
the primary cytopathology of pettussis in humans and in turkey coryza (Goldman, 1988). A
non-protein toxin, I'CL'is 4 low mass (921 Da) disaccharide-tetrapeptide, derived from the
peptidoglycan of the bacterial cell envelope and is released extracellulatly (Goldman, 1988).
Intetleuldn-1 production is induced by TC'1, which then activates host cell nitric oxide
(NO) producton, which is the actual cytotoxic factor (Heiss e @/, 1994). Cytokine-
inducible NO synthasc is, howevet, detected only when TCT and B. persussis
lipopolysacchande (described below) are both present (Flak and Goldman, 1999). Tracheal
cytotoxin also inhibits neutrophil chemotaxis and oxidative metabolism, which may
contribute to B. pertussis survival (Mills, 2001). Tracheal eytotoxin production, unlike other
virulence factors of Bordete/la, is not controlled by the BvegA /S regulatory system (1.2.1,
page 6) (Locht, 1999).
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1.2.2.5 Lipopolysaccharide

In common with other Gram-negative bacteria, Bordetedla species produce
lipopolysacchatide (LPS) or endotoxin (Roberts and Parton, 2001). Known as
lipooligosacchatide in B. pertussis due to the absence of the pelysacchatide O antigen
moicty, it is 2 major component of the outcr membrane and comprises of a lipid and a core
oligosaccharide. The lipid domain possesses the potent endotoxin activity, has adjuvant
properties and can induce resistance to virus infection (Keer and Matthews, 2000). The
cote olignsacchatide induces pyrogenicity, and mitogenicity is seen in spleen cell cultures
(Locht and Antoine, 1999). Bordetella pertussis has two different forms of LPS, (LPS-A and
L.PS-B) and these differ in the sttuctute of the core oligosaccharide moiety (Chaby and
Caroff, 1988). The ratio of LPS-A to LPS-B can also differ between strains of B. pestussis
(Locht and Antoine, 1999). Lipooligosaccharide from B. pertusiis together with 'I'CT have
been shown to induce inflammation in the respiratory mucosa and cause damage to ciliated
epithelial cells (Flak and Goldman, 1999). The stmulation of secretion of both pra-
inflammatoty and anti-inflammatory cytokines, makes lipopolysaccharide a major factor in

the systeinic and neurological responses to infection (Mills, 2001}.

1.2.3 Adhesins

1.2.3.1 Filamentous haemagglutinin

The most studied and major adhesin of B. persussis, fillamentous haemagglutinin (FHA), is
also produced by B. parapertussis and B. bronchisspfica, and un unrelated haemagglutinin is
present in B, awion (Paston, 1998). Filamentous haemagglutinin is procuced as a 370 KKDu
precutsot in B. perfzssis and is proteolytically processed at both the amino (N-) and carboxyl
based on electron microscopy, citcular dichroism spectroscopy and computational analysis,
is a filammentous monometic molecule of approxiimately 2-4 nm in diametet and 40-50 nmn
long (Figure 1.1, page 9) (Makhov e 4/, 1994). The protein contains two lasge repeat
regions: one from 344-1065 amino acids consisting of 38 copies of a 19-residue sequence,
and the other between 1440-1688 amino acids of 13 copies of a different 19-tesiduc
sequence. These two regions are thought to form shott g-strands connected by two f-turns,
which may form a hairpin-like structure, with the head composed of the two terminal
tegions, the shaft consisting of the f-sheets, and the tail containing the important arginine-

glycine-aspartic acid (RGD) motif.




Filamentous haemagglutinin is encoded by the 10.1 Kb gene fB4B, and consists of an N-
proximal haemolysin-homologue region, the two large repcats, an immunodominant
domain and the C-terminal region (Delissc-Gathoye ¢ 4/, 1990). ‘Lhe secretion and post-
translational maturation requires another gene, fhaC. These two genes ate sepatated by
genes encoding proteins involved in fimbrial synthesis, and are known as the fin/fba gene
cluster. This indicates a close relationship between the expression of these adhesins. The
protetn FhaC interacts with the 115-residue haemolysin-homologue region and forms a f§-
battel, outer-imembrane pote for FIA to translocate through the outer membrane (Smith
¢t al., 2001). The 150 KDa C-terminal domain of I'HA is then cleaved and the mature FHA

protein can form the hairpin structure,

The N-terminus of FITA exhibits hepatin binding to epithelial cells such as Wiz (a human
calon catcinoma cell line) and Chinese hamster ovary (CHO) cells (Brennan e o/, 1991;
Menozzi ¢f al., 1994). The RGD hinding site of FHA promotes adhesion to the
macrophage integiin CR3, which may lead to phagocytosis without triggering an oxidative
burst. The immuno-dominant domain of FHA via carbohydrate-binding mediates the
attachment of FHA to cilia, and has been detmeonstrated in human ciliated cells 7z #itre and
ciliated cells in animals (Weiss, 1997). Filamentous haemagglutinin inhibits the classical
pathway of complement activation by binding to C4b-binding protein (Berggard e o/,
1997). Secretion of [1-10 by macrophages, which is mediated by FHA, inhibits IL-12
production, and may explain the suppressed T-cell response in the lungs of mice duting B.
pertussis infection (Mills, 2001). A strong immunogen, purified FHA protects mice against
aerosol challenge with B, perrassis. Filamentous haemagglutinin has thetefore been included

in many second-generation ACVs due to its adhesin and protective propetties.

1.2.5.2 Fimbtiae

Bordetelly pertussis, B. parapertussis, B. bronchiseptica, and B. aviuz all produce fimbriae, also
known as pili (Paston, 1998). In B. pertussis, they are composed of major and minot
subunits, the major subunits forming a pentameric tepeat unit, each 13 nm long and about
5 nm in diameter (Steven ef 4/, 1986). The majot subunits, I'im2 and 'im3 are 22.5 KDa
and 22.0 KDa, and are identical to serotype 2 and serotype 3 agglutinogens respectively.
The minot subunit FimD, is 40.0 KDa, and is the adhesin focated at the Hp of the Fim2

ancd/or Fim3 stacked structures.
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The fim2 and jim3 genes lie independently in the genome, as does the silent pseudogene
fimX. Accessory proteins essential for fimbtial biogenesis include a periplasmic chaperone
(FimB), an outer membrane transport/anchor protein (FimC), and the minor fimbrial

subunit FimD, desctibed above (Willems e/ 2/, 1992).

Agplutination propezties of B. pertnssis ate now known to be attributed, at least in part, to
the fimbtine, after evidence that anti-fitnbrial antibodies in the sera of infected or
vaccinated childeen agglutinated the bacteria (Locht, 1999). This property has been
developed as a serotyping scheme to follow epidemiological tends in B. perfssis
populations (Eldering ¢/ a/, 1957). These schemes initially used morc than thtee
agghidnogens, but presently, France, The Netherlands and the UK detect three
agglutinogens by slide agglutination using either antisexa from rabbits or monoclonal
antibodies (Preston, 1963; Mooi, 1994; Guiso e/ 4/, 2001h). The serotypes of Bordetella
pertussis are controlled by the expression of Fim2 and Fim3; either Fim2 or Fim3 determine
serotypes 1,2 ot 1,3, respectively; expression of both Fim2 and Fim3 simultancously, results
in a serotype 1,2,3 strain; and when expression of both Fim2 and Fim3 is absent, serotype 1
strains are recotded (Patton, 1998). This is dependent on the level of transcription, and the
switching between the activation of the fim2 and fim? promoters, in a process called
scrotype variation, The fimbrial promoters each possess a long run of cytosine residues,
which can vary in number due to insertions ox deletions of extta cytosine residues, caused
by slipped-strand mispaiting duting chromosome replication (Mooi, 1994). The crucial
aspect is thought to be an optimum distance between the putative —10 box and the
activator (BvgA) binding site for transctiption to occut, which results in the expression of

fimbtiae (Smith e 4/, 2001).

The minot fimabtial subunit FimID, binds to VI.A-5 receptots and promotes attachment of
fimbziae to monocytes (Flazenbos ef ¢f, 1993), and the authors have proposed that this
interaction could he critical fot B. perdassis intracellular survival, Two regions of w2, H1
and H2, can also bind heparin, a sulphated sugar which is ubiquitous in the respiratory tract
{(Genijen ef a/., 1998). Recent studies using epithelial cell lines derived from the human tract

indicate that fimbriae from B, pertussis play a role in the infection of the laryngeal mucosa

(Locht e 4, 2001).
A corrclation was also observed between the presence of anti-fimbyial antibodies and
subsequent protection in infected or vaccinated children (Locht, 1999), and purified

fimbtiae protect mice against respiratory infection with B. pertussis (Ashworth ¢ 4/, 1988).
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Due to their: protective and antigenic properties, both Fim2 and Fim3 have been included

in somec ACVs {Parton, 1998).

1.2.3.3 Pertactin

Ounly produced by B. pertussis, B. parapsriussis, and B, bronchiseplica, the surface-associated
adhesin pertactir. (PRN} was initially designated P69 or OMPGY in B, perdnssis due to its
apparent relative molecular mass of 69 KDa, following sodium dodecyl sulphate
polyactylamide gel electrophoresis (SDS-PAGE) (Chadles e 4/, 1989). The PRN proteins
of B. parapertussis and B. bronchiseptica ate 70 IKDa and 68 KDa respectively and all are
transctibed as larger precursor proteins. The PRN precutsor in B. persnssis is 93.5 KDa, and
is processed at both the N-terminus, to cleave the 3 KDa signal peptide responsible for
translocation of the protein across the inner membrane, and at the Cotepminus, which
forms a channel through the outer membrane for the marure pertactin protein to reach the
cell surface (Chailes e 2, 1994). Ilomologues of this C-terminal domain are also seen in
ather Gram-negative prateins that are collectively known as autotransporters (Henderson ¢
al., 1998), since they do not requite accessory proteins for biogenesis, unlike P1X and I'TTA
{(Weiss of al, 1993; Smith ¢/ af, 2001},

The ctystal structure of the mature pertactin protein has been elucidated as a monomet
composed of 16 paralle] strands that form a f-helix, which is V-shaped in cross-section
(Figure 1.1, page 9). Loops protrude from the S-helix core and they have been associated
with the biological activities of pertactin (Hmsley ef 44, 1996). These include an RGD motif,
also found in FHA (1.2.3.1, page 12), and mediates binding of pertactin to CHO cells and
possibly integrins on mammalian cell surfaces (Ierr and Matthews, 2000). Two other loops
contain proline-rich repeat regions: the first repeat, region 1, 1s located close to the RGD
motif and has the sequence Gly-Gly-x-x-Pro (GGxxP), and the second tepeat, region 2, is
located close to the C-terminus and bears the sequence Pro-Gln-Pro (PQP) (Figure 1.2,
page 16) (Emsley e wf, 1996). Both regions are immunodominant B-cell epitopes, as
revealed by mapping these regions with pertactin-specific monoclonal antibodies (Charles o/
at., 1991). These two proline-rich, immunodominant tegions have recently been found to
be polymorphic within stratns of Berdefella, differing in either the number of repeats or the
amino acids present in the repeat. Most polymorphisms are located at region 1 in B. perfuisis
(Moot ef g/, 1998), and at region 2 in B, bronchisepisea (Boursaux-Eude and Guiso, 2000), and
their significance will be discussed later (1.6.4, page 46).
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Pertactin-deleted mutants of B. pertusiés were found to be capable of colonising and
multiplying in the respitatoty tract of mice, implying that PRN is not essential for bacterial
persistence (Roberts ¢ a/, 1991). Othet reseatch using site-directed mutagenesis to change
a PRN-derived RGD motif (Atp-Gly-Asp) to a RGE motif (Arg-Gly-Glu), also showed no
difference in their ability to promote adhesion to Hep-2 or CHO cells (vetest ¢ a/, 1990).
Thete has been some evidence that PRN and FHA functionally interact for efficient cell
binding (Atico ¢ a/, 1993), but the exact role and mechanism of pertactin in adherence has

yet to be elucidated.

Pertactin was initially discovered duting the devclopment of a veterinary vaccine against B.
bronehiseptica and found to be a good protective immunogen (Locht, 1999). Pertactin from
B. pertusiis has also beenn demonstrated to protect inice against aerosol challenge with B.
pertussis and, together with FITA, also protects mice against i.c. challenge (Robetts e a4,
1991). This immunogenicity has made pettactin become one of the main constituents in

the prepatation of ACVs,

12.3.4 Bordetella resistance to killing protein

The second autotransporter to be described, bordetella resistance (o killing protein (BrkA},
has 29% overall similarity to the nucleotide sequence of pertactin and shares 55% amino
acid similatity in the C-terminal autotransporter domain (Fernandez and Weiss, 1994). 'The
brkA gene, also translated by B. pargperinssts und some strains of B. brosliseplica, contains
two RGID motifs and two potential binding sites for sulphated glycoconjugates, suggesting
its role in adherence to host cells. Berdetela perfussis BilkA mutants are approximately ten-
fold mote susceptible to classical-pathway complement-dependent killing by human sera. It
was also shown that B. periassis strains carrying an extra copy of the 47& locus secreted
increased levels of BrkA (Ternandez and Weiss, 1998). The &#& locus contains two genes
that are transcribed in opposite ditections, 141 and br&B (Fernandez and Weiss, 1994),
and are essential for serum resistance and the secretion of the BrkA protein. The
immunogenic properties of BrkA have so far not been studied, and this protein has

therefore not been considercd as an ACV component.

1.2.3.5 Tracheal colonisation factor

The third autotransportes to be identified was the tracheal colonisation factor (1I'CF) (Fion
and Stevens, 1995). While it is only expressed in B. perfussis, the gene coding for TCF is also

present in B. parupertussic and B. brounchiseptiva. A B. pertnssis mutant lacking T'CF was found
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to have a teduced ability to colonise the trachea, but not the lungs of mice (Finn and
Stevens, 1995}, ‘The C-tertninal domain shows 50% amino acid similarity to the pertactin
equivalent (1.2.3.3, page 15) and thus is predicted to translocate the mature 64 KDa TCF
protein through the outer membrane. "Lhe protein also contains an RGD motf and is
proline-tich, similar to PRN and BrkA (Finn and Stevens, 1995). Pertactin, BikA, and TCF
are all surface-associated protems. However, TCF has also been detected in culture
supernates as a slightly smaller 60 KIDa secreted form (Iinn and Stevens, 1995). There is a
significant reduction of B. perussis tracheal colonisation in mice when immunised with
attenuated 1. eholerwe expressing TCF (Chen ¢f &/, 1998), although the protective potential
of TCF has yet to be fully determined.

1.2.3.6 Virulence-activated gene 8

Through screening for byg-controlled genes that were positively regulated, the virulence-
activated gene 8 (24¢8) was identified (Knapp and Mckalanos, 1988). The penc is expressed
in B. pertussis and B. bronchiscptica as a 95 KDa protein. A #agd gene homologue is also
present in B. paraperfussis, but is not transcribed. Classed as an autotransporter, Vap8
possesses similag chatacteristics to PRN, BrkA, and TCF, although it is not known whether
the C-terminal domain in Vag8 is cleaved, as the predicred size corresponds to the size
determined by SDS-PAGE (Finn and Amsbaugh, 1998). Conflicting tesults have been
reported concerning the pathogenesis of Vag8 using a mouse aerosol model (Finn and
Amsbaugh, 1998). A mutant Vag8 B. pesinssis strain was defective in colonisation in both
the lungs and the trachea, but straing with an internal deletion in the »48 structural gene
could colenisc as well as the wild-type. The authors suggest that this loss in function of
rag8 may be compensated for by other vitulence factors (Finn and Amsbaugh, 1998). In B.
bronchisepticn, 1t hs recently been teported that Vag8 is requited for type III secretion
(Foreman-Wykert ef «f, 2002}, but type III sceretion is not expressed in B, perfassiy (Yuk ef

al,, 1998), and hence the role of Vag8 in B. pertusiis, if any, is unknown,

1.2.4 QOther virulence factors

With the aid of a new suicide vector, pFUS2 (Antoine ¢f @, 2000), microartay analysis (Fot
et al., 2003), and the recent availability of the three Bordetella genomes, B. pertussis, B,
parapertiisis, and B. bronchiseptiva (Parkhill ef 2/, 2003), novel genes have been discovered
recently with similarities to well-characterised virulence factots. ‘Lhese include the
bordetella autotranspotter protein C (papC, originally described as $ap5), 2 79.5 KDa
predicted protein possessing an RGD motif (Blackburn, 2000). Recent work has also
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demonstrated that a sapC deficient strain of B. perfussis was less able to colonise the
tespitatory tract in mice than the wild-type and that the mutant also had reduced
complement-mediated killing (Bokhari, 2002). A positively regulated BvgAS, iron-mediated
outer membrane protein, Vir90, has also been described, and Passerini de Rossi ¢f 4/ (2003)
predict one function of this newly charactetised protein as a teceptor for ferrichrome or a
siderophore. Fifteen other virulence factor genes have been submitted to GenBank,

including one coding for a cold-shock protein (Phg) (Antoine ¢f 4/, 2000),

1.3 Clinical aspects and diagnosis of pertussis

1.3.1 Clinical symptoms, complications, and treatment of pertussis infection

Transmission of B. perfussis from an infected to a susceptible person 1s via droplet spread
from the tespiratory tract, followed by an incubation period of scven to 14 days. Classical
pertussis can be split into three stages: catarrhal, paroxysmal, and convalescent (Roberts
and Parton, 2001). The catarrhal stage may last from three days to two weeks, and
resernbles a “common’” viral cold, with the infected individual showing symptoms such as a
mild cough, profuse mucoid rhinorrhoea, and sometimes a mild fever. These symptoms
can be easily confused with those caused by other respiratory pathogens but, with prior
knowledge of contact history of the patient, treatment can be given to reduce or stop the
otganism’s spread from petrson to person, Prophylaxis (e.g., erythromycin) is best given at
this time to help shorten o1 even abort the pertussis llness (Linnemann ¢/ 4/, 1975; Dodhia

ot al,, 2002).

Without medical treatment, the mild cough develops into a paroxysmal cough, which can
last from one to six wecks. A paroxysinal episode consists of six to ten forceful expiratory
coughs, followed by the characteristic “whoop” sound of the inhalation, caused by the air
tushing in the partally closed glottis (Walker, 1988), Up to 20 ot mote of these paroxysmal
spastns can occur in 24 hours, where they are more commeon at night, and they are
frequently intertupted by vomiting, The Wotld Health Organisation (WHO) case definition
of pertussis is a minimum of paroxysmal coughing for 21 days with laboratory
confirmation ot epidemiologtcal linkage (World Health Organisation, 1991). This scvete
stage 1s both detrimental and tiring for the patient, and most complcatons occur duting
this stage. Apnoea, subconjunctival haemorthage, hernia, and receal prolapse ate some of
the complications which develop due to the pressure effects of the paroxysms. Other

complications can result in pneumonia and otitis media, and vety rarely, central nervous
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system complications such as seizutes and encephalopathy, can also occut (Robersts and

Patton, 2001).

Many cases of pettussis infection require hospitalisation, especially in infants under: six
months old, and up to 50% can be hospitalised (Health Protection Agency, 2003c).
Convalescence follows the patoxysmal stage and can last between a few weeks to many
months, depending on the severily of diseasc and the complications encountered. Death
due to complications can occur, with the majority of cascs being under six months old
(Cidwards ez af,, 1999). A recent study using data from the UK arrived at an cstimate of 28
deaths due to pertussis between 1995 and 1997 (van Buynder ¢f 2/, 1999).

Clinical symptoms of pertussis are lessened in vaccinated children, adolescents and adults.
In adults, 2 persistent cough with a mean dutation of 36 to 48 days is typical, and sleep can
be affected. Whooping, vomiting and sweating attacks can also occur, with complications
such as tib fracture, incontinence, back pain and secondary infection being reported (von

Konig e #/,, 2002).

1.3.2 Laboratory diagnosis of Bordetelia pertussis infection

Cultute and jsolation of B, pertussis from suitable respiratory samples is considered to be the
gold standard for the laboratory diagnaosis of B. perfussis infection (Roberts and Parton,
2001). The medium first used for isolation contained blood, potato extract, and glycerol
and was named after the developers, Botrdet and Gengou (BG) (Bordet and Gengou, 1906).
Bordet-Gengou medium is still used today, as well as Regan-Lowe mediuin, a charcoal agar
supplemented with 10% horse blood. Liquid media include Stainer-Scholte brath
containing (2,6-O-dimethyl}-8-cyclodextrin (Roberts and Parton, 2001). The antibiotic
cephalexin can also be added to the media to inhibit normal nasopharyngeal flora growth.
The scnsitivity of culture can differ widely, and isolation rates are higher; (1) before the
patoxysmal stage; (i) from an aspirate rather than 2 swab specimen; () after a shorter
transport time; and {iv) from younger, unvaccinated patients than from oldet, vaccinated
ones (Roberts and Parton, 2001). Antibiotic therapy, if given, will also reduee the rate of B,
pertussis isolation (Bitkebaelk, 2001). Consequently, sensitivity of cultute can be as low as 20-
40% (Heininger, 2001) and can take three to four days for colonies to appear (Parton,
1998). Thus, faster, more sensitive methods of diagnosis would help in the administration

of cotrect tieatment, and hence reduce transmission.
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Serological assays have been evaluated for laboratory diagnosis of B. per/assis for over 30
years, originally using complement fixation and agglutination. assays (Anon, 1970). These
have been replaced roughly 20 yeats ago with antigen-specific assays, namely, enzyme-
linked immunosorbent assays (RI.ISAs) (Viljanen ¢ a/, 1982). These assays have been
valuable in vaccine efficacy and epidemiology studies due to their sensitivity (57-100%)
(von Konig ¢f af., 2002). For diagnosis, ELISAs have been used to detect IgG antbodies
specific to PT, FHA, PRN, ox FIM. Only PT is specific for B. perinisiy, as othet bordetellae
can produce the other natmed factors that can induce an immune tesponse, such as
antibodies to FHA, which can be detected after an infecdon with B. parapertussis (Michaels,
1998). Paited seta arc desitable to show a recent infection, the first serum sample ideally
taken two weeks after the onset of cough, and the second aboul two to three weeks later
(Kert and Matthews, 2000). For diagnosis however, a single serum sample can be used, but
this requites priot knowledge of background values from healthy control individuals and
defined cut-off values (de Melker ¢f #/, 2000b; Nardone e 4/, 2004). Due to thesc
difficulties, and that ELISAs requite highly skilled personnel to generate and analyse the
data, inter-laboratory comparisons can be problematic. Serology is useful in showing recent
infections of B. pertussis, but does not affect the treatment of the individual, and therefore a

more rapid method is requited to affect the transmission of B. peréussis.

The development of diagnostic polymerase chain reaction (PCR) assays over recent years
has allowed health care professionals to rapadly detect a wide range of bactetia and viruses
cansing disease in man (Louic ef ¢/, 2000; Elnifro ¢ a/, 2000). This rapid and sensitive
method has been applied to the fastidious, slow-growing B. perfussy, targeting genes such as
the pertussis toxin promoter (Houard ¢ 44, 1989), and the repeated insertion sequence,
I34871 (Glare ¢t a/., 1990). Using the same respicatory sample as for culture isolation, B,
pertusyis DINA can be extracted, amplified and detected in less than a day. Consensus
recommendations have been published to minimise that no false positives are detected
(Meade and Bollen, 1994), pattly by including internal and external controls. Other
advantages of PCR-based assays include the detection of B. perfwiser in clinically atypical,
vaccinated oz antibiotic-treated patients. Sensitivity rates can reach three-fold highex for
PCR detection compared to cultuse isolation (Fry e af, 2004; Heininger, 2001). Major
technological advances in recent years have yielded machinery capable of simultaneously
amplifying and detecting B. periussiy DNA within four hours (Reischl o 4f, 2001; Kosters ef
at., 2001).
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Problems with PCR techniques include DNA extraction efficiency, whete thete ate
telatively low amounts of B. perinssis DNA compated to host (i.e., human) DNA, technical
difficulties with the assay, PCR inhibitots and false positives. This latter problem has been
found recently in a real-time PCR tatgeting for IS487 (Retschl of af, 2001). 'The B. persussis
Tohama-l genome contains 238 copies of the IS487 element (Parkhill ¢7 4/, 2003), and this
clement has also been detected in the newly discovered Bordetella species, B. bolmesii. Only
eight to ten copies of 1S487 were found in B. holpeessi strains, but this is sufficient to
produce a positive result in the sensitive real-time PCR assay targeting the 15447 clement.
The authors thetefore recommend cautious use of this IS487 assay, and suggest the
concutrent use of another tatget (Reischl ¢ £, 2001), The IS487 element was also found in
two B. hronchiseprica strains isolated from humans, although the insertion element has not
been found in athet B. bronchiseptica strains (Gladbach o af, 2002). Despite this, PCR is 4
powesful tool in detecting B. persuisis within a sufficient tme frame to affect transmission
and treatment (Bitkebaek, 2001). However, it has been recommended that culture isolation
should continue, as strain variation, antibiotic fesistance and other characterisdcs may not

be studicd by PCR-based systems alone (Hewlett, 2000).

1.4 Epidemiology and prevention

Before mass vaceination against pertussis was introduced, B, persusis was responsible for
childhood morbidity and mortality wotldwide (Roberts and Parton, 2001). An endemic
discase, pertussis epidemics were seen every thiee to four years, occurring in approximately
20% of infants younger than one year, and up to 60% in children between one to four
yeats, pealing at three years old (Edwards e7 4k, 1999). Pettussis was an carly childhood
infecctous discase and mortality rates were highest in neonates. Due to this severe and
highly transinissible disease, vaccines against pertussis were formulated soon after the
isolation of the causative organism in 1906, and the first whole-cell pertussis vaccine
(WCV) was licensed in the USA in 1914 as a suspension of killed B. persassis osganisms
(Fdwaxds ef o/, 1999).

1.4.1 Pertussis vaccination in the United Kingdom

The WCV was gracually introduced i the UK from 1937 and immunisation against
pettussis became national policy in 1957 (Grant and Cherry, 2002). Initially the Burtoughs
Wellcome WCV was cotnprised of two B. pertussis strains, CN4132 and CN2992, exhibiting
setotypes 1,2 or 1,2,3, respectively. One study showed that citculating strains before 1958

wete scrotypes 1,2 and 1,23, and, by 1963 to 1964, strains had shifted to mastly scrotype
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1,3, and it was suggested that a vaccine containing serotype 1,2 could not protect against a
pertussis infection by a serotype 1,3 strain (Preston, 1965). Furthermore, 1 study by the
Public Health Labotatory Service (PHLS) Whooping-cough Committee and Wotking Party
reported that serotype 1,2,3 was isolated mote frequently from unvaccinated than from
vaccinated children (Abbott e 2/, 1973). Thetefore, a third strain, CIN5476 (serotype 1,3),
was added in 1966 to include all three serotypes and the potency of pertussis vaccine was
increased according to the British Pharmoecopacia requirements. In 1979, the WHO
recomumended that all pettussis vaccine preparations should contain serotype antigens 1,2,
and 3 (World Health Organisation, 1979). The pertussis WCV is administered as patt of a
combined vaccine with diphtheria and tetanus toxoids (DTP). In the UK, since 1990, the
previous schedule at three, five, and ten months has been replaced by the accelerated

immunisation schedule at two, three, and four months of age.

loliowing the introduction of WCV in the UL, cases of pertussis dropped significantly
(Figure 1.3, page 25), although the three-yeartly cyclic peaks are still present. This indicates
that, whilst the number of pertussis cases have been teduced, transinission of the organism
is still occusxing, albeit at 2 reduced rate (Rohani ¢/ 4/, 2000). The vaccine uptake was over
80% between 1969 to 1973, und pertussis notifications fell from 85,000 1n 1957, to 2400 in
1974, thus lowering the incidence of pertassis in all age groups (Immunisation Division,

CDSC, HPA, 20044).

Despite the success of the WCV, adverse effects, such as redness, swelling and pain at the
site of injection in half of the children in receipt of the vaccine, have been reported
(Edwards ez a4, 1999). Other common reactions are fever, izritability, drowsiness and
excessive crying, Convulsions and scizutes have also been associated with the WCV, but
are rare (Rdwards ¢/ 4, 1999). In 1974 and 1977, two teports linked the pertussis
component of the DTP vaccine with acute neurological disotders in children in the UK
(Department of Health and Social Security, 1977). This was widely publicised in the media,
and public confidence towards pertussis vaccination fell. Vaccine uptake then dropped
dramatically to 30% in. 1978. This low vaccine coverage led to two pertussis epidemics,

pealing in 1978 and 1982 (Figure 1.3, page 25) (Immunisation Division, CDSC, HPA,
2004a).

Further studies by a number of groups, including the American Academy of Neurology,
the British Pacdiatric Association, the National Advisory Committee on Immunization

(Canada) and the Advisory Comumittee on Ilmmunization Practices (USA), concluded that
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these data did not link encephalopathy with the pertussis vaccine (Edwards ef o/, 1999).
Gradually, public confidence was tegained and vaccine uptake slowly recovered to current
levels of 93% (Immunisation Division, CDSC, HPA, 20044). The repotied incidence of
pertussis in the UK is now historically low, and only 409 cases in England and Wales were
reported in 2003 (Figure 1.3, page 25). This drop in incidence may however be due to
under-reporting of pertussis cases, which is described latce (1.4.4, page 28) (Crowctoft and

Britto, 2002).

1.4.2 Acellular vaccines

Concetns ahout the safety and advetse reactogenicity of the WCV (1.4.1, page 22) led to
the development of acellular vaccines (ACVs). First introduced in 1981 in Japan, six
licensed ACV's initially consisted of formaldehyde-toxoided PT (PTXd) and FHA, with
some also containing PRN and FIM as contaminants. Due to the exclusion of LPS, these
vaccines were less reactogenic (Edwards ¢ o/, 1999). Results from these firsst ACVs
convinced other countries and companics to develop second-generation vaccines using
othet detoxification methods, including gluteraldehyde, hydrogen petoxide, and genetic
engincering (Bdwards e/ 4/, 1999). Large-scale trials in Sweden, Germany, Italy and Senegal,
tested the efficacy and reactogenicity of various ACVs. These ACVs differed in amount
and numbet of components, the putification method and adjuvant used. The trials were
also different in design and the vaccine regimen tested, so comparing results dixectly is
difficult. In general, the efficacy of ACVs ranged from 59% to 93%, vaccines containing
three to five antigens were better than those comprising only one ot two, and ACVs were

less reactogenic than WCVs (Edwatds e 2/, 1999).

With the success of these trials, pertussis ACVs combined with vaccines agaiust diphtheria
and tetanus toxoids (1¥T'aP) have been licensed and used in many countries, including the
USA, Japan and most Hutopean countries (BEdwards e 44, 1999). These have been
successful in reducing pertussis notifications and, due to their low teactogenicity, ACVs can
be used as boostets Ldwards ¢/ &/, 1999). Pertussis boosters have been mtroduced in other
European countries such as France, Germany, and The Netherlands (Therre and Baron,
2000). In addition to DTaP, multi-combination vaccines have been developed. Several
countries, including Dermark, Austtia and Ttaly are using tetravalent or pentavalent
vaccines with Haemophifus inflaensae 1y and/ or inactivated poliovirus (DTaPHib, DTaPIPV

ot DTaPILbIPV) (Thetre and Baron, 2000).

24

e L L




“(ep00z) £ously UONIN0IJ PEIH DNUIY) DUEPAING SISEISI(] I[EIUNUILIOY) ‘VOISIAI(] UORESTUNWW] Y wolj paurerqo ydein

o oBBIGAOD) GUIOBA —8—  SUOREOLION —¥—
jeuoisinold . il ‘ R
Jeaj\
L N N N N \ N N N N N N N
N\ © ) ) © ) © ) ) © )
S L & $ & oV N\ $ $ & $ &e L
+ 0
+~ 00002
+ 000'0¥
m ﬂ 00009
[
8 - 00008 §
g =
g + 000'001 §
= _ )
- 000021 3
- 000°0¥L
+ 000'09}
08 UOIJeUIdIBA X
peasdsapim + 00008}
4O uoljanpoaju| .
00} 000 002

+€00Z 03 Op6] WOy ‘wopSury PIAIU() Y1 UI AFEIIA0D JUIIEA PUE IDUIPIOUI SISSNIII] "¢’ InI1

25




The enhanced surveillance systemn was inttoduced in 1994 to momtor whooping cough
England and Wales, the vaccine efficacy, and to assess the need for infant pertussis booster
vaccination (Millex e a4, 1994). This surveillance entails the collabotation between the
Communicable Discases Sutveillance Centre (CDSC) and Manchester University to follow
up all culture-confirmed cases of pertussis for information on vaccination history, severity,
antibiotic prophylaxis/treatment and history of exposure. Harly analysis showed that
mottality and morbidity was still prevalent in the very young and suggested booster
vaccination could reduce this (van Buynder e/ a4, 1999). Further studies suppotted this
ptoposal through unimmunised infant case reports (Ranganathan e 4/, 1999; Crowcroft o/
al., 2003), sutveillance data (Beard and Finn, 2000), and potential health gain and cost
consequence cstimates (Hdmunds e #4, 2002; Stevenson ef 4/, 2002). In November 2001,
the Department of [Tealth introduced a pre-school acellular vaccine (ACV) booster (around
fout to five years old) in England and Wales, with a recommendation to troduce the
booster to Scotland and Northern Ireland (Health Protection Agency, 2003c). This
intervention has yet to be evaluated for its impact on pertussis notifications and

improvement m vaccine cfficacy.

1.4.3 Pertussis in other countrics

Cutrently, 80% of the world’s children are vaccinated against pertussis, mostly with WCV.
Despite this, there are still 20 to 40 million cases and 200,000 to 400,000 deaths due to
pertussis each year (Anon, 1999a). Over 90% of these cases are from developing countries
and the WEHO Expanded Programmc of Itnmunisation (EPT) is slowly reducing this, but
their goal of lowering the incidence of pertussis to below onc in 100,000 by 2010 may not

be achieved.

Inn contrast, many developed countries with good immunisation programmes have
managed to reduce pertussis incidence to low levels (Anon, 1999a). However, pertussis
vaccination programmes have been dramatically affected by the media and anti-vaccine
movements, such as i the UK (1.4.1, page 22), Japan and Sweden. In Japan, neatly 80%
vaccine coverage was achieved i 1974, but because of the resulting low incidence, and
reports of neurological reactions tesulting after DTT vaccination, one province switched to
a vaccine containing just diphtheria and tetanus toxoids (I'L) (Gangarosa ez af., 1998). The
diphtheria and tetanus vaccine was then quickly introduced throughout the whole country
after two infants died within 24 hours of recetving D'YP. With no pertussis vaceine, an

epidetnic oceurred in 1979 culminating in 13,000 cases and 41 deaths, Japan later




introduced ACVs, and pertussis incidence fell sharply to levels seen before the mterraption.
Sweden’s vaccine was also suspended in 1979 after suggestions that the WCV had poor
efficacy and links to neurological events. Pertussis incidence increased four-fold, major
outhreaks occurred and incidents of serious complications approached global rates. After
several major clinical studies of vatious ACVs in Sweden, the country introduced
widespread immunisation with an ACV in 1996, and notification figures are now falling
(Anon, 1999b). Ireland and Austratia were also indirectly affected after the adverse media
coverage in the UK. Expressed as “passive anti-vaccine movements”, this tesulted in low
vaccine coverage, a raised incidence and major outbreaks in Treland and Australia
(Gangarosa ¢ a/,, 1998). Events in these countries ilfustrate how impottant it is to sustain

high vaccination rates to help reduce the possibility of pertussis epidemics from occurring,

In some countries with high, sustained vaccination coverage, there have been reports of
outbreaks and rising pertussis incidence (Cherry, 1996), including Canada (De Setres ¢f 4/,
1995) and the USA (Gutis ef 2, 1999h). In Quebec, and other parts of Canada, outbreaks
oceurred yearly from 1988 to 1994, but there was no explanation for their cause (De Serres
et al., 1995). With the replacement of ACV in 1997, the resurgence of pertussis in Canada
subsided, but a large outbreak in British Columbia in 2000 has re-established concern.
Recent data indicate that there is an increase of pertussis in ten to 19 year olds, and a
decrease amongst infants and pre-school children (Skowronskt ef 44, 2002). These authors
now believe that the introduction of the ACV, a waning immunity and changes in
laboratory methods may account for this apparent resurgence of pertussis (Skowronski ¢
al., 2002). Like Canada, the USA has also seen an increase of pertussis in older children (ten
to 14 years) from 1980 to 2000, and consequently, pertussis is regarded as a re-emerging
infection (Roberts and Parton, 2001). An increase of pertussis has also been seen in infants
undet four months of age since 1991 (Guuis e af, 1999b). A change from WCV to ACV
has not affected this increase, so improved diagnosis and reporting in these two age groups

are thought to be contributing to this apparent resurgence (Guris ¢f 2/, 1999D).

Australia has reported pertussis epidemics since 1993, despite vaccination coverage
apptoaching 90%. Due to an observed increased rate in children aged five to 14 yeats, a
fifth WCV dose was introduced in 1995 for children aged four to five years, and this
appears to have lessened the burden in younger childten (Andrews ef 44, 1997). Lhe
introduction of improved diagnostic methods such as serology in the 1980s and PCR later,
may have also contribbuted to the epparent increased incidence in pettussis (World Health

Organisation, 2001). The Netherlands expetienced a pertussis epidemic in 1996, with 2,771
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cases compared to just 319 i1 1995, Vaccine coverage after three doses of WCV was at

96% when the epidemic happencd, but the cause was unknown (de Melker ¢z 2/, 1997).

All of these countries with appatently high pertussis vaccine coverage have reported an
incteased incidence in pettussis. Many factots have been suggested for this resurgence,
mcluding; (i) waning vaccine-induced immunity; (if) a decrease in vaccine quality; (iii)
improved surveillance and labotatoty diagnosis; (iv) a recent change in case definition of
pertussis, amended in 1991 by WHO; and (v) the cxpansion of strains which ate
antigenically distinct from the vaccine strains (Moot ef 4/, 1998). The last theary, proposed
by Mooi and his colleagues in The Netherlands (1.6.4, page 46) (1998), was tested duting

the coutse of this thesis and the results and conchusions are described later.

1.44 Recent changes in the dyhamics of pertussis discase

Mottaliry and morbidity due to pertussis have decreased due to immunisation, with a shift
in the age distribution of those affected, from mosdy infants and young children, to
younger univaccinated neonates, adolescents and adults (Crowcroft and Britto, 2002). In the
TUSA, 28% of reported cases occurred in subjects ten years or older in 1992 10 1994,
compated to just 3% in over 15 year olds before vaccination was introduced (Edwards ¢
al., 1999). This increase in adolescents and adults has also been seen in Australia, Canada,
the UK and othet countries in Hurope, to 10 to 12% of all cases reported in over fifteen
year olds (Anon, 1999a). Better laboratory diagnosis using serology and PCR-based assays
may accoufit for this reported increase in adolescents and adults, whete culture isolation
alone may have cansed under-teporting. However, the adult population, initially assumed to
be immunised, 1s now thought to represent those with waning imnmunity and can be
susceptible to subsequent pertussis infections (von Konig e 4/, 2002). Furihermore, when
infected, these patients’ symptoms may be atypical and the disease can go undetected.
‘Through studies of households, hospitals, and outbreuks, it is now thought that these
adolescents and adults transmit pertussis to vulnerable unimmunised young infants or
those that ate not yet fully immunised (Rosenthal ez 4/, 1995; von Xonig ef «, 2002;
Chtistie ¢ @/, 2001; Crowcroft ef a/, 2003}, Together with the high mortality ratc in these
voung infants, the possible prolonged illness, and loss of wotk hours, various proposals to
introduce boostess fot adolescents have been put forward (Edwards, 2001; Heininger,
2001; von Konig ¢ 4/, 2002). In 1998, TI'rance introduced an ACV booster for 11 to 13 veat
olds (Fletcher ¢ 4, 2001) and, very recently, Germany and Canada have also recommended

adolescent boosters (Anon, 2003a and 2003b). Administering pertussis vaccine to health-
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care workers has also helped in containing outbreak situations. Tn Germany, paediatric

workers ate requited by law to receive boosters (von Konig ¢f af, 2002).

Although the reported incidence of pestussis in Fngland and Wales is low, a B. pertussis
surveillance study, compiling data from various sources in England and Wales between
1995 to 1997, analysed the composite data-set for any sigoilicant associations between
clinical, epidemiological and laboratory data (van Buynder e 4/, 1999). Death due to
pettussis occurred only in infants less than six months old and was thought to be under-
estimated. This has been exemplified with a recent report concluding that national
mottality statistics under-estimate deaths from pertussis in England, and that the enhanced
laboratory sutveillance identifics most of these deaths (Croweroft of ak, 2002).
Unwvaccinated subjects wete mote likely to be hospitalised than vaccinated subjects, and
sevetity of pertussis disease was reduced when appropiiate antibiotics were given to case
contacts befote onset (van Buynder ¢ 2/, 1999). An association between serotype 1,2 and
severe disease was also found, together with an increase of setotype 1,2 in strains isolated.
This ptevalenice of serotype 1,2 has alsa been found in The Netherlands with an increase of

disease (de Melker ¢z 2, 2000a; Mooi, 1994).

Pertussis epidemiology appears to he dynamic, dependent on vaccination status, dagnostic
methods and surveillance programmes. In Europe, new projects such as the European
seroepidemiology network (HSEN) and the Furopean netwotk for vaccine preventahle
diseases (EUVAC-NET) will aid standardisation of diagnosis, vaccine coverage and
surveillance across several countries (World Health Organisation, 2001; Schinidt e/ 2/,
2001). In developing countrics, however, pertussis causes high morbidity and mortality,
although repotts in South-East Asian and African regions of vaccine coverage are sparse
(World Health Organisation, 2001). The introduction of ACVs has increased public
confidence towards pertussis vaccination due to its efficacy and low reactogenicity.
However, the high cost of ACVs compared to WCVs may be unaffordable to developing
countries. Whilst there is dependence on piivate pharmaccutical companies to produce
both, an assurance that WCVs will be available to poorer countries is needed. When
vaccination was introduced, the eradication of B. perfussiv was envisaged, but because of
resutgence in developed countiies and poor vaccine distribution in developing countrics,
this seems to be unlikely. Basic laboratoty suiveillance and control measutes need o be
focused in countiies with high mortality to reduce pertussis globally (Crowcroft and Britto,

2002).

29




15 Genotypic typing of bactetia

1.5.1 Caveats to typing bactetia

Microbiologists and epidemiologists use vatious methods to charactetise bacteria from
infection in a single host to global bactetial populations, and these can involve cither shoxt-
term or long-term investigations (Struelens ¢ @/, 1996). Fields such as bacterial population
genetics, pathogenesis of infection, epidemiological surveillance and outbreak
investigations can employ genotypic typing to discriminate between genomes. The study of
population genetics on a Jarge data-sct of isolates from vatious backgrounds can generate
information on the clonality of an otganism. This can then form a basis for the study of
pathogenesis, as it can highlight differences between groups of bacteria and their virulence
propettics. Epidemiological surveillance entails combining clinical and laboratory data over
time as aa ongoing process, which then enables the identificaton of wends such as disease
frequency, epidemic clones, drug resistance and sisk factors in a target population
(Struelens e7 al., 1996; Struelens, 1998). An outbreak can be defined as;

“an increased incidence of an infectious disease 10 a specific place during a given

period that is above the baseline rate for that place and time frame”.

(Tenover ¢ al., 1995)

In an outbreak investigation, the use of genotypic methods can allow the tracking of
important clones (a group of isolates within the sate type) and the identification of
resetvoits of infection and vehicles of transmission. 1f performed within a rapid time
frame, it allows health-cate personnel the potential to control infection by containing ot

interrupting the spread of the organism (Struclens ef #/, 1996).

Several recommendations or criteria have been proposed to evalunate bacterial typing
systems for mictobial epidemiology (Maslow ¢ af, 1993) including typability,
reproducibility, discriminatory power, stability and epiderniclogical concordance. The
typability is the propottion of isolates that can be assigned a type, within the rest
population. Reproducibility is the ability of the typing system to correctly assign a strain to
the same type repeatedly. This criterion 1s thought to be the most difficult to ascertain for
many typing techniques and, as the reproducibility affects the disctiminatory power, it is
also one of the most important (Struelens ¢ 4/, 1996). The discriminatory power is the
average probability of two unrelated strains being assigned different types, as shown by
Simpson’s index of diversity (Hunter, 1990). The stability of markers can be affected by
recombination cvents on the bacterial genome, and varjations can occur after prolonged

storage ot in large-scale epidemics (Struelens ¢f @/, 1996). This variation may be acceprable




if the typing system can still show the clonal relatedness of epidemiologically-linked strains.
The epidemiological concordance is the probability that presumed single-clone outbreaks

result in epidemiologically-related strains that can be assigned to the same type ot clone

(Struelens ef a/, 1996).

Most of the above criteria: typability, reproducibility, discriminatory power, stability and
epidemiological concordance can be calculated definitively with a formula, and their values
vary ttom zero to one (lable 1.3, page 32) (Struclens e 4/, 1996). Other criteria that are
vseful in selecting an appropriate typing system include tapidity, availabikity, cost, casc of

petformance and interpretation,

The typing methods used to differentiate bacterial strains and theix clones can be sorted
into two groups, phenotypic and genotypic (Maslow ¢ 2, 1993). Phenotypic methods rely
on the ability of an organism to express the characteristic chosen to be typed, and are
dependent on the genes controlling these characteristics. This can produce low typability,
reproducibility ot discriminatory values and therefore, genotypic methods have been
developed for typing bacterta, as they test the genome o: genes directly (Maslow ¢/ af,
1993). For the putpose of this thesis, only the genotypic methods and some suggested

applications aze described.

1.5.2 Genotypic methods

Genotypic methods can involve cleavage by restriction endonucleases, amplificatior:. via the
polymerase chain reaction (PCR), and dircct amplification and sequeneing of the bactetial

genes on chromosomal or plasmid DNA. Many of them are detailed below.,

1.5.2.1 Plasmid typing

Plasmid typing was one of the first genotypic methods to be used for epidemiclogical
typing and entails the isolation of plasmids from the strain and determining the number
and sizes via agatose gel electrophoresis (Maslow ¢ ¢/, 1993). Although the techmque is
easy to petform and is moderately priced (Table 1.3, page 32), plasmid typing can vary in
typability and discriminatory power, according to the presence and number of plasmids and
the bzcteria studied (Maslow and Mulligan, 1996). Reproducibility can also be poor, as
supercoiled and open circular forms of the same plasmid can migrate differently during
clectrophotesis (Mastow and Mulligan, 1996), and due to their extrachromosomal nature,

they can be lost or acquired spontaneously (Maslow e 4/, 1993).
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1.5.2.2 Restriction endonuclease analysis

Restriction endonuclease analysis (REA), a resttiction fragment length polymorphism
(RFT.P) method, uses enzymes that will cleave the chromosomal and/or the plasmid DNA
(if present) at specific sites, and potentially this can generate scveral bundred small
fragments, which ate then sepatated by conventional gel electrophotesis (Struelens e7 4/,
1996), Different strains of the satme species can have different REA profiles due to the
vatiations in their genomes and the subsequent changes in restriction sites (Maslow ef a4,
1993). This simple technique can be used for any bacterial spedies and, after standardising
conditions, such as enzyme sclection, separation conditions and band size range, REA can.
be very reproducible and discriminatory (Struclens ef o/, 1996). Streptococers pyngencr,
Clostyidinm difficile and Legionella prenmephita have been typed successfully using REA (Cleary
et al., 1988; Clabots et 4/, 1992; Fry ¢ al., 1999), however, the interpretation of the complex
profiles is difficult. Also, any plasmid DNA present may affect the pattern generated, so
that differences may be influenced by the plasmid and not due to any genomic variation

(Maslow e/ al., 1993).

1.5.2.3 Inscrtion sequence- restriction fragment length polymotphism analysis and
ribotyping
Another RFLP approach is to transfer the REA profiles from the gel to a membrane,
otherwise known as Southern blotting (Southern, 1975). Nucleic acid probes designed to
target genes, insertion sequence (IS) elements or rRNA genes can then be hybridised to
specific fragments which contain a homologous sequence to the probe (Maslow ¢ 44,
1993). Insertion sequences and transposons can be found i various bacterial
chtomosomes and may be used as probes. Generally, all IS elements are under 2.5 Kb and
can insert multiple copies in a hacterial genome affecting the expression of neighbouring
genes, but arc sufficicntly stable to be applied to RFLP studies (Mabillon and Chandler,
1998). One such established method is the 1867 70-bascd DNA fingerprinting for
Mycobeaierison luborentosis, and recommendations for standardisation ate published (van
Embden ¢f 4/, 1993). A number of tuberculosis investigations, including confirmation of an
outbreak in institutional settings, and tracking geographical spread of M. fwbercnlvsis clones
have used IS6770-RELP (Foxman and Riley, 2001). Ribotyping uses the tibosomal gene, 7z
as the probe and, as all bacteria contain this gene, the typability is high (Table 1.3, page 32)
(Maslow ¢7 af., 1993). These Southern blot approaches are however, rclatively laborious and

tme~consuming (Struclens & «f, 1996).
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1.5.2.4 Pulsed-field gel electrophozcsis

Pulsed-field gel electrophoresis (PFGE} s simitar to REA, but generally uscs rare-cutting
restriction enzymes to produce less than 30 latge genomic fragments, which are between 10
Kb to 800 Kb in size (Maslow ¢# al,, 1993). The conditions for separating these fragments
differ from conventional electtophoresis, in that the orientation of the electric field 1s
pulsed periodically Maslow and Mulligan, 1996). Field inversion gel electrophoresis
(K1GE), is a simple form of PI'GE, and uses forward and reverse current at 1807, although
another forim, named counter-clamped hotnogenous electric field (CHEL), has electrodes
1n a hexagonal array which ave capable of gencrating an unlimited variety of field strengths
and angles to further separate similagly-sized fragments (Sambrools and Russell, 2007). This
method is technically demanding, but can be used on all bacteria, and can be highly
discriminatoty and reproducible (I'able 1.3, page 32) (Struclens ef @/, 1996). Like the
Southern blot methods, PEGF is also a lengthy process, typically taking two to six days to
obtain results, and the initial outlay of equipment is expensive (Maslow and Mulligan,
1996). These has also been a lack of inter-laboratoty standardisatton of PI*GE, which
makes comparing data difficult between laboratoties (Struelens ¢ @/, 1996). Despite these
drawbacks however, many bacterial pathogens, including Escherichia coli, Staphylocoecus asnres,
and Mycobacterium avium have been epidemiologically-typed successfully using PFGE (Arbeit
ef al, 1990; Prevost ef al, 1992; Atbeit ¢ 2/, 1993).

1.5.25 PCR amplification mecthods

A further genotypic approach exploits DNA amplification with PCR, using either; (f)
arbitraty primers and/ot conditions of low stringency, known as atbitrarily primed-PCR
(AP-PCR) (Welsh and McClelland, 1990} ot randomly amplified polymorphic DNA
(RAPD) (Williams ez ak, 1990); or (i) primers directed outward from tepetitive clements to
amplify short spacer sequences, namely inter-repeat element PCR (rep-PCR) (Versalovic e/
al., 1991). By sepatating the resulting different-sized amplicons using gel electrophoresis, a
DINA fingerprint can be visualised and, <lue to the speed of PCR, a result can be generated
within a day (Struelens ¢ 2/, 1996). The methods AP-PCR and RAPD can be used for a
vaticty of bacteria, althouph identifying suitable primers and conditions that give good
discrimination for a particu’ar organism may prove difficult (Maslow e a4, 1993). Inter-
laborataty reproducibility has also been demonstrated to be problematic (Table 1.3, page
32), and is documented by van Bellkum and colleagues (1995) for Siaphylococeus anrens. Tn
theit study, seven laboratories typing 59 isolates by AP-PCR generated 1¢ to 30 different

genetic types (van Bellum o 2/, 1995). The thizd approach, rep-PCR, uses various
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repetitive elements, but these are mostly organism-specific, and thesefore this technique
may not be universally applicable to all bactetia. These elements include repetitive
extragenic palindromes (RED), found in E, e/ and Salmonella typhimurinm (Gilson et al.,
1984); entctobacterial repetitive intergenic consensus (ERIC) sequences, present in many
enterobactetia (Flulton ¢z a/, 1991); and the BOX clements found in Strepiococcus presonize

(Maxtin ef al., 1992).

1.5.2.6 Amptified fragment length polymorphism analysis

'I'he PCR methods deseribed above can be processed further using restriction enzymes,
which may inctease the discrimination of the technique (Maslow and Mulligan, 1996). One
method, amplified fragment length polymotphism (AFLP) analysis, is essentially a three
step procedure; an initial enzyme digesi-ligation of genomic DNA, then the selective
amplification of the restriction fragments using specific primers, and finally the gel analysis
of the amplified fragments (Vos e @/, 1995). The AFLP technique thus combines the
reliability of the RFLP technique with the power of PCR to produce a reproducible,
discriminatory, rigorous, and quick method {Table 1.3, page 32} (Vas ¢/ 4/, 1993). For most
bactetia, a double enzyme digest is performed for AFLP (Janssen ¢ af., 1996). However,
single-enzyme AFLP has been applied to some bactetia, including L. presmophula, and
AFLY has been chosen by the Eutopean Working Group on Legionella Infections
(EWGLI) to standardise and use as an epidemiological typing scheme across 11 European
countries (Fry ¢ 2/, 2000). The AFLP method has been furthe: developed by amplifying
resctiction fragments using fluorescently-labelled primers, (fluorescent-AFLP) and utiliscs
antomated DNA sequencers to determine the size of the labelled amplified {ragments.
Fhaorescent-AFLY also permits the inclusion of internal size standards and has been shown
to be accurate, disctiminatory, reproducible and may be capable of standardisation for K,
ooff (Arnold ez al., 1999). Thete ate howevet some drawbacks in this and other PCR typing
methods, which include: optimisation and choice of reﬁgeﬂts/ protocols; intet-run and
inter-laboratoty reproducibility; and integpretation of results, inaking these methods

difficult to standardise (Struelens e #/4, 1996).

1.5.2.7 DNA sequencing

Another genotypic approach to type bacteria is through genc variation, detected by
scquencing the gene investigated. Sequencing of 168 tDNA is well established fot
phylogenetc classification, but the rclative stability of the 165 tRNA gene makes it

unsuitable for typing below the species level, so other, more variable loci are used. Multi-
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locus sequence typing (MLST) was developed from the phenotypic technique, multi-locus
enzyme electrophoresis (MLEE) (Maiden ¢/ 4/, 1998). Briefly, MLEE involves the
preparation of between 15 to 25 enzyme extracts, and their subsequent electrophoresis
using horizontal starch gels. The telative mobility of cach enzyme locus varies in different
sttains of a patticular species, and can be given a specific allele number, which corrclates
with amino acid substitutions (Maslow ¢f @/, 1993). When these multiple loci are combined
as an electrophorcetic type (E'1), a putentially large number of different ET's can be
generated for a particular organism. Due to its moderate disctitninatory value, and its slow
and technically demanding nature, MLLER is used mote for population geaetics than
epidemiological typing Maslow ez o/, 1993), and has also been used to estimate genetic
diversity in several bacteria (Selander ¢z af, 1986). The MIST scheme requires the DNA
sequencing of some of the genes encoding the enzymes used in MLER, whete each variant
of the corresponding genes are given an allele numbet, and when combined, will produce
an allelic profile or sequence type (ST) for each strain tested. Schemes for Nezsseria
mengngilides, Streptococcus pnenmonise, and Staphylococcus aurens have been published to study
glohal epidemiology, and have reported on the population structure, scrotype cottclation,
and important MRSA clones (Maiden ¢z 4/, 1998; Enright and Spratt, 1998; Enright of /,
2000), respectively. Multi-locus sequence typing, combining optimal typability, excellent
discrimination, and a simple, portuble way of comparing data between laboratories,
howevet can be labour intensive, and the initial expenditure and further costs are very high
(Table 1.3, page 32) (Maiden ez ., 1998). Nevertheless, MLS'L has been successful in typing
meningococci directly from clinical specimens where the isolate has not been recovered,
therefore gencrating a typing result for enhancing surveillance (Diggle ef #4, 2003).
Virulence genes can also be targeted for typing, such as por4 and porB in IN. meningitidi,
which encode the serotyping antigen (Feavers of al, 1999). This single locus approach can
enable the study of virulence factots under environmental pressure, but these genes can be
highly vasriable and may obscure true relationships between species (Guttler and Mayall,
2001). Nevertheless, this approach may be necessaty for species with limited genetic

divetsity, such as B. pertuisis, which is described later (1.6, page 39).

1.5.3 Genetic cvents in bacteria visualised using genotypic methods

When using genotypic methods, the vatiations observed are caused by essentially four
evolutionary genetic mechanisms: mutation, hypermutation, genetic recombination and
natural selection (van Belkum e/ o/, 2001). Mutations ate thought to be random events and

ate heritable via vertical transmission. They are caused either by DINA replication etrors
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such as base pair substitutions, insertions and deletions, ot by the movement of
transposons and IS elements within the genome. Ilypermutation is probably caused by a
lack of DNA mismatch repair, which can enhance the “mutability” of a cell and the
resulting organisms are called “mutators” (van Belkum ¢ 2/, 2001). Rapid mutation and a
high rate of DINA exchange are thought to be advantageous for mutators to adapt to a new
environment. Slipped-strand mispaiting can occur when these hypermutable genes contain
short sequence repeats, such as those present in IS elements. Thus, the IS elements can
control cassette switching and affect the expression of genes, which can then be identfied

as a different phenotypic trait (van Belkum ef 24, 2001).

Genetic recombination and horizontal gene transfer can include the acquisition of genes
into genomes and make the estimates of clonal evolution difficult to calculate (van Belkum
et al., 2001). The rate of recombination influences the clonality of the organism, where
bactetia with low recombination ate highly clonal and stable (e.p., Safwonctla enterica) and
those with high recombination are non-clonal and panmictic (where gene exchange occurs
randomly and at a high rate in a population) (e.g., N. meningitidis) (Maynaxd Smith e/ 4/,
1993). Rescarchers have thus found difficulties when decipheting an ancestral lineage fot

panmictic species such as Hedcobacter pylori, due to their high genetic variabiliry.

Nutural selection has an overall role of filtering out any new penotypes produced by
mutations of recombination that have detrimental fitness effects. Two variables affect
natural sclecton: the fitness of the new genotype (whether it is neutial, detrimental ot
beneficial), and the population size. Understandably, variant genotypes are more likely to
be present in larger populations, due to the mutation and efficient selection of the

otganism in question.

These genetic events, detailed above, have been interpreted for PEGE as changes in band
patterns (L'enovet ef al, 1995). As PFGE patterns rely on the presence of specific sites at
which a restriction endonuclease will cleave the genome, mutations and recombinations
affecting these sites can be visualised as changes. This interpretation for PFGE is based on
the number of fragment differences between the profiles, to which the authors have
defined particular genetic events (Tenover ¢f al, 1995). As typing methods are used for
compazting relatedness, in an outbreak setting these PFGE interpretations can help in
chatacterising strains, Tenover ¢f o/, (1995) state that if there are two to three fragment
differences between the outbreak pattern and that produced from the test isolate, this

cotrtesponds to either a point mutation ox an insertion or deletdon, and is therefore closely
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related and probably part of the outbreak. Two genetic events in an isolate generating four
to six fragment differences are interpreted as possibly part of the outbreak. Untelated
isolates that are not part of the outbreal arc indicated by seven or more fragment
differences, where there have been three ot more genetic events. This is based on
observations of isolates collected over a six-month period or from latge, extended

outbreaks (Tenover ef af, 1995).

Tenover ez «f. {1995) do not recommend their critcria for studics of large populations or
organisms that have been collected over periods of one year or longet, as they are too
stringent, yet these recommendations have been applied universally for a number of
bactetia. When evaluating a particular method therefore, its appropriateness, the genetic
variation it reveals, and its interpretation are major factoss to consider, as well as the

clonality of the orgznism investigated.

1.5.4 The “ideal” bacterial typing system

By applying the recommended critetia to a particular typing system (1.5.1, page 30), the
appropriateness of 2 method can be evaluated for each species studied. An ideal typing
system should possess;

“... optimal typability, a high degree of reproducibility, adequate stability, and

unprecedented resolving powet ..."”.

{van Belkum ¢/ @/, 2001)

The system chosen must also fit the purpose of the study, whether for genctic divessity,
population dynamics or epidemiological typing. Standardisation of bacterial typing has been
attempted for I7, colf Q157 H7, M. tuberenlosis, and L. puenpmophila, using PFGLE, IS6770-
RFLP and AFLP, tespectively, and has enabled working groups in separate labotatoties to

compate tesults (Swaminathan e af, 2001; van Limbden ¢f 4/, 1993; Ity ef o/, 2000).

Many typing methods have been applied to B. perdussis for stadies of genotypic diversity,
population dynamics and epidemiological typing, and have revealed seemingly
contradictory evidence concerning the stability of the B. perizssiv genome. However, to date,

standardisation of these methods has not been established.
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1.6 Genetic diversity and epidemiological typing of Bordetelia

pertussis

1.6.1 Genome plasticity of Bordetella pertussis

In otder to study eveolution, diversity and epidemiology of B. perixssis, determining the
stability or plasticity of the genome helps in the choice of typing mcthod and interpretation
of the data. Genoine plasticity is the accumulation of changes in a genome, based on
molecular processes such as transposition (trunsposable elements, insertion sequences, ot
ttansposons, which can translocate to another site of the chromosome), transformation
(the transfer of DNA by a bacterium from the surrounding environment), or mutation {van

Belkum ef a4, 2001).

Stibitz and Yang (1999) charactexiscd 14 B. perfussés strains representative of 14 different
PI'GE patterns obtained from 70 strains isolated from a whooping cough outbreak in
Alberta, Canada froin December 1989 to May 1991, Using a ‘chromosomal surveying’
approach, they measured the distances between 19 B, perdmssis genes within each genoine,
using vectors, the intron-encoded restriction enzyme I-Seel, and PFGE (using Xbal) to size
the fragments. Ten chromosome maps were deduced from the 14 strains and these
tevealed latge chromosomal inversions. The molecular mechanism for these inversions s
unknown, but Stibitz and Yang suggested that insertion elements could catalyse such an
inversion in the B, pertusris chromosome (Stibitz and Yang, 1999). They also proposed that
changes in PFGE patterns could be affected by these large chromosomal rearrangements,
and not solely by the loss or gain of restriction sites as described by Tenover ef o/, (1995).
This implies a dynamic B, pertussis population structute and genetic diversity studies are

detailed below.

1.6.2 Genotypic diversity of Bordetella pertussis

Musser ¢z 2. (1986) studied genetic divetsity in Bordete/ia species using MLET, and included
23 strains of B. pertussis. They deduced that the genctic diversity of B. pertissis is lower than
that of other bactetia tested, such as FL snfluensgae, L. puenmephila and K. colf (Musser ¢ af.,
1986), with only 3 ET's identified using 15 enzymes. This could be due to; pertussis
vaccination, which has reduced the population size; the niche specialisation of B. perinasis,
whose host is exclusively human; ot a tecent evalutionary origin, as the eatliest recorded
description of whoaping cough was i 1578 (Musser ef a/, 1986). They also reported that

the type steain of B. periussis, 183237 (NCTC 10739"), used in mouse potency tests for




WCVs, was mote genetically similar to B. bruuchiseptica and B. parapertussis than B. perinssis,
supporting the view that the type strain is an unusual strain of B. pertussis (Musser of al,

1986).

This work was extended later in an analysis of 18 B. pertussis strains (188 Berderefla strains in
total) by MLERE, and the presence of any of the three [S elements, IS487, IS70017, and
IS7002 (Table 1.4, page A1) {van der Zce ef 4/, 1997). This study revealed only four
diferent ETSs, resulting from only fous of the 15 enzymes, wete polymorphic for the B.
periusyis isolates, These authors deduced that B. pertwssis sirains cluster separately from B.

parapertussis and B. broachiseptica due to their ETs and the presence of 15487 and IS7002.

Khattak ¢ a/. {1992) tested 105 B. pertssis isolates from the UK and Germany, including
circulating sttains, vaccine strains and control isolates, by PT'GE. They found 17 PFGE
types in total, with one type accounting for 25 of the 105 isolates tested. The authoss
concluded that B. perfussis is a highly penetically variable otganism, but no statistical
calculations were presented. The wotk of Stibitz and Yang (1999), showing genomic
plasticity in B. pertussis, suppotted this conclusion, but conflicted with the results of the
MI.EE studies of Musser ¢/ 2/ (1986) and van det: Zce ¢ ¢/, (1997).

IS1002-sestriction fragment length polymorphism (IS7002-RFLP) analysis, a method
developed for B. persussis by van der Zee ef 4/, (1996b), demonstrates a sufficiently high
degree of variation in the profiles to allow typing of B. persusiris. Van der Zee e al. (1996b)
studied 106 B. pertussis isolates from The Nethetlands, Germany, Canada, the USA, China,
Japan and the UK. The resulting profiles were sorted into 36 different RFLP types, which
could be clusteted into five clades (A to E) of related profiles. Results indicated a partial
geographic isolation fot some of the RFLP types. In particular, nine of the ten isclates
from Japan wete clustered into one clade (clade I) that contained only two other isolates,
both from Canada (van der Zee ¢f al., 1996b). Also, 15 isolates from Canada which were
previously resolved as 15 different PFGE types (de Moissac ¢f 4/, 1994), were differentiated
mto 12 IS7002-RFLP types, and the anuthors suggested that the discriminatior. of IS7002-
RELP, if a little lower, is comparable to PFGE for B, perfussés (van det Zee ¢ al., 1996b).
Ope particular RFLP type, named D1, was present in five of the six countries analysed,
indicating that this is a successful clone (group of 1solates sharing the same RFLI type) that

has spread globally.
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Table 1.4. Insertion elements present in Bordetella

Insertion Present (number of copies in genome sequenced’)
element | B. pertussis B. parapertwssis | B. bronchiseptica | B. holmesii
Tohama-| 12822 RB50
15487 Yes (238) No Yes® (0) Yes®
187001 No Yes (22) Yes” (0) NK
1IS7002 Yes (6) Yes (9) Yes® (0) NK
1874663 Yes (17) No No NI

Numkbers in parentheses indicate the number of copies of the particular insertion sequences in the
genomes sequenced (not B, Aodwesi) at the Sanger Institute (Parkhill ez 4/, 2003). 2The B.
ronchiseprica strain chosen to be sequenced by the Sanger Institute contained no copies of the stated
insertion elements, however, other reports suggest there are copies present in other strains (van der
Zee ¢f gk, 1996a; Gladbach e «f, 2002). 315487 has been detected in B. sofwerii using PCR-based
methods (Reischl e 2/, 2001; Sloan ef 4/, 2002). A previously unknown insertion element in B.

pertursis, discovered after genomic sequencing of the Tohama-| strain at the Sanger Institute
(Parkhill ef &/, 2003}.

NK=not ktiown.
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The authots also suggested that, after analysing isolates frotn The Netherlands, 1S7002-
RFLP analysis could be used in an epideimiological setting, as two clusters contaming 3 and
4 strajns revealed two RFLP patterns, type D1 and C2, respectively (van der Zee of al,
1996h). Strains from an epidemic in 1994 revealed that 15/21 (71%) of them belonged to
two RFLP types, B3 ot C5, and suggested that clonal expansion cause pertussis epidemics.
The RTLP type D1, found in several countries, was also present in all four petiods between
1954 and 1994, indicating this RELP type is persistent through time as well as space (van
dex Zee of al., 19906Db).

The two strains in the Dutch WCV exhibited RFLP types AT and D2. ‘Lhese RFLP types
wete only found a few times between 1950 and 1954 and not in later periods. The authors
hypothesise that;

“... over 40 years of vaccination has resulted in the expansion of strains which are

less affected by vaccine-induced immunity due to antigenic differences with the

vaccine stizins ...7

(van der Zee ¢f 2/, 1996b)

Another explanation is that the diffetences reflect the normal dynamics of B, pervassiy

populations.

Further work from ‘L'he Nethetlands using IS7002-RFLP analysts also supported the
hypothesis of B, perfussis adaptation due to vaccine-induced immuaity (van Loo ¢z 4/, 1999).
A total of 213 Dutch isolates from 1949 to 1996 were collected and grouped into tive time
periods, and 45 RELD types were observed. Prior to vaccination (1949 to 1954), there were
12 RELP types present in the B. pertwssis population, including the two vaccine strains.
Between 1965 and 1972, the two vaccine RFLP types disappeared, and only five RFLP
types were observed. From 1965 onwards, three RFLD types dominated the B. pertmisis
population (DNA types dit-12, dt-29, and dt-35). Furthermore, one of these types, dt-12,
was found in all five time periods from 1949 to 1996. A smaller study in Ttaly, analysed 76
B. pertussis strains from an Italian vaccine field wial which started in 1993, and found similar
results in that dt-12, dt-29, and dt-35 dominated in 75% of the strains tested (Mastrantonio
et al., 1999).

Genotypic diversity (GD) values were also calculated for cach time period of these Dutch
data (van Loo ¢ 4/, 1999), based on DNA polyraorphisms detected by restriction
endonuclease analysis and assuming that evolution mainly occurs by mutation and genetic

drift (Nei and Tajima, 1981). "L hese values are therefore dependent on the bacterial
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population size and frequency of each RELP type, with values approaching one being of a
high genotypic diversity, and values approaching zero having a low genolypic diversity. The
highest GD of 0.89 was observed in 1949 to 1954, and the lowest at .60 was seen in the
next time period studied, 1965 to 1972 (van Loo ¢f 4/, 1999). This significant dtop in
genotypic divessity is thought by the authors to have been caused by a decrease in the
bacterial population size and/or by clonal expansion of “more fit” strains after vaccination
was introduced {van Loo ¢ 4, 1999). This clonal expansion theory was further supported
by the appeatance of dt-29 in 11/18 (61%) of the isolates from 1965 to 1972 and the
petsistence of this RELP type in subsequent years, The genotypic diversity then increased,
suggesting a gradual expansion of other RELIP types. Most of the suains 120/213 (56%)
wete collected between 1991 and 1996 possihly skewing the results. Ifowever, the authors
supgest that;

“... vaccination has selected for strains that are adapted to 2 highly vaccinated

population ,,.”,

(van Loo ¢f af, 1999)

and that this may be the cause of pertussis re-emergence in other countries,

Pulscd-field gel electrophoresis and IS7002-RTLP analysis ate more preferable methods of
studying genotypic diversity than the phenotypic technique, MLELL. Data from MLEE
analysis show B. pertusiis as a clonal species within a highly-related genius (Musser ¢/ a4,
1986). However, results from PFGE and 1S7002-RFLP analysis suggest 2 mote dynamic
species (Khattak ¢f 2/, 1992; van Loo ¢/ a/.,, 1999). These observation using PFGE and
IS{Q02-RFLY analysis are suppozted by the demonstraion of the genomic plasdcity of B,
pertussis (1.6.1, page 39) (Stibitz and Yang, 1999).

1.6.3 Epidemiological typing of Bordetella pertussis

Serotyping of B. pertnssis using the fimbriae/agglutinogens has been used for many decades
for epidemiological investigations of pertussis (Eldeting ¢/ @/, 1957). In Sweden, clinical
isolates collected between 1970 and 1995 were investigated by serotyping, and it was found
that serotype 1,2,3 isolates predominated from 1970 to 1978, with serotype 1,3 being
related to outbreaks of pertussis (Titu ¢ 2/, 1997). However, following the cessation of
general pertussis vaccination in 1979 (Lhetre and Baron, 2000), scrotype disttibution
changed, so that in 1995, serotype 1,2 was present in over 80% of isolates (Tiru e a/, 1997).
In the UK, during the two large pertussis epidemics of 1977 to 1979 and 1981 to 1983,

setatyping data and vaccination status wete collected for 855 cases (Preston and Carter,
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1992). "This study repotted that secotype 1,3, as in Sweden, predominated in both
epidemics, and serotypes 1,2 and 1,2,3 were found in 243/769 (32%) of unvaccinated
children compated to only 9/86 (10%) in vaccinated subjects, which was statistically
significant. These authots also stated that WCVs had 2 higher efficacy against serotypes 1,2
and 1,2,3 than against serotype 1,3 (Preston and Carter, 1992). Therefore, it was advised
that ACVs should contain agglutinogens for each serotype to ensure adequate efficacy and

protection against pertussis disease (Preston and Carter, 1992).

Due to the low discrimination of serotyping, it is not suitable for short-tetm outbrealk
investigations and PFGT has been used for more recent epidemiology studies. An outhreak
in Albesta, Canada, from December 1989 to May 1991, iniuiated a study to determine
whether the movement of virulent B. perfussis strains within and/ot between towns and
communities caused the outbreak {de Moissac ¢f 4/, 1924). A total of 70 strains were typed
by PFGE using Xbdl, and vatious epidemiological grouping analyses were performed.
T'ousteen isolates from the city of Bdmonton and one from each of 14 northern Alberta
towns (n1=28) generated 13 PFGE profiles. A highly heterogeneous population was initially
observed in Edmonton, thus revealing that PFGE could discriminate amongst known
epidemiologically-linked isolates, which could further complicate the analysis of prevalence
and spread of the isolates tested. A further six pairs of intrafamilial isolates (n=12) wexc
tested. Bach isolate from each pait shared identical PEFGE types, suggesting direct
transmission within familics was occurring in the outbreak. Isolates from Fort Smith
(n=18), a town north of Edmonton, all exhibited an identical PI'GL type, type a, indicating
the outhreak in Fort Smith was due to one strain. Another town shared another PFGE
type, type b, in 11 out of 12 isolates, and both types a and b accounted for 44 of the 70
isolates. The authors concluded that a single, highly infectious strain of B. perfnasis did not
cause the whooping cough outbreak and by studying the vaceination status of the
population, they suggested that vaccination was less protective i periods of peak pertussis

activity (de Moissac ef af., 1994).

Another tisc in whooping cough cases occutred in 1993 in the UK and was investigated by
PFGE and serotyping of isolates received by the Pertussis Reference Laboratoty in
Manchester (Syedabubakar ¢ ¢/, 1995). Of the 4000 notifications of pertussis in this peak
year, 280 B. pertussis isolates were received at their laboratory, of which 180 were typed and
29 different PFGE types produced. DNA Lype 1 predominated in 72/180 (40%) of the
isolates tested, and DNA type 3 encompassed 42/180 (23%). There were 11 unique DNA

types containing one isolate each. Studying the temporal distrtbution, 17 DNA types
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appeared in the upswing phase of the epidemic compared to jus: 8 DNA types in the
downswing phase, suggesting greater genetic plasticity in the upswing phase (Syedabubakat
et al,, 1995).

In a separate study, no significant cotrelation was found between PFGE type ard serotype.
DNA type 1 occutred in strains from nine fully vaccinated children, seven of which weie
serotype 1,2. DNA type 2 accounted for 10/67 {15%) of isolates from September 1990 to
March 1991 Khattak ef o/, 1992), but was markedly absent a couple of years later in 1993,
Compatison of the data from Khattak ¢ o/ (1992), with that of Syedabubakar ¢ 4/ (1995),
tevealed that oaly cight of the 15 DNA types were seen in both 1990 to 1991 and 1993,
and 21 new types were identified from the 1993 isolates. Syedabubalkar and colleagues
(1995) proposcd that the 1993 pertussis epidemic was caused, in paxt, by the emergence of
genetic vatiants after the “failure” or mis-match of the WCV, though they did not report
the DNA types of the vaccine strains. Neverthcless, this theoty has been supported by
studics in The Netherlands (van det Zee ¢f 4/, 1996b; Mooi ez @/, 1998; van Loo ef al,
1999).

The studies in Canada and the UK mentioned above, reported that pertussis epidemics
may not be caused by a single, highly virulent strain {de Moissac ¢f a4, 1994; Syedabubakax
ot al., 1995). In contrast, Beall e @/ (1993) analysed 78 isolates from the USA and Senegal,
and repotted indistinguishable PFGE profiles from epidesnic strains, The authots used
three different enzymes (Xbal, Spel, and Dral), and 16 PFGE profiles were generated. All
of the 54 isolates from an outbreak in Delaware in 1986 were of one PEGL type. Only one
of the 25 sporadic isolates matched the epidemic PFGE type, but clinical data revealed that
this isolate was cultured from a laboratory wotker who had heen working on the epidemic
strains. ‘Lhe authors thercfore concluded that these data;

“,.. justified an association between a single PFGE type and epidemic pertussis

(Beall ez o/, 1995)

‘They also explained that although the 1989 to 1991 epidemic in Canada was province-wide
and lasted 18 months, the three month outhreak which occurred in Fort Smith generated
only one PFGL type {de Moissac ¢ a4, 1994), which is more comparable 1o the smaller,
three month situation in Delaware, Beall and collcagues concluded that PEGE of B. pervassis
could enable the;

“,.. charactetisation of endemic and epidemic patterns, secondary attack rates,

vaccine efficacy, and the role of atypical illness in transtnission ...”.




(Beall e af,, 1995)
In ordet to costectly identify vitulent strains ot clones that cause severe discase or
outbteaks, the collecton of clinical and epidemiological data are important and, combined
with the equivalent typing data, associations can be tested. Clinical data, such as isolation
date, age of subject, vaceinaton status, and geographical otigin are essential in deducing
whether particular isolates are indeed from the sume strain, Unfortunately, the
standardisztion of both the methodology and nomenclatute of PEGE for B. periussis has
not been established and is necessary if direct compatison is required. {t would be useful to
know whether: there are any prevalent strains causing most of the pertussis cases, or more
sevete disease on a global scale, such as the successtul 1S7002-REFLP type D1 {van der Zee
ot af., 1996b).

1.6.4 Gene sequence variation of Bordetella pertussis

Following the pertussis epidemic in ‘Ihe Netherlands in 1996, and the B. pertuesis
population study using IS7T002-RFLI analysis by van dex Zee ¢ a/ (1996b), Moot ¢ &,
(1998) investigated whether this resurgence was due to the emergence of different B.
pertussis genetic variants to that of the WCV strains. Moot ¢f #/ (1998) chase two B. pertussis
virulence factors, the adhesin pertactin (1.2.3.3, page 15) and pertussis toxin (1.2.2.1, page
8), and scquenced the genes for these factors from isolates obtained before and after
vaccination was introduced, 1o investigate whether any antigenic vatiation may have
occurred in the Dutch B. persusiis population. After sequencing approximately 90% of the
pertactin (prnd") gene of six B. pertussis isolates, two tepeat tegions encoding the amino
acids GGxxP and PQP in regions 1 and 2, respectively, were found. Polymorphism was
found in region 1, which differed in the number of repeats present, and/ ot the amino acid
composition. Three praA types wete revealed in the isolates from 1949 to 1996, namely
praAQ), praA(2), and praA(3) (Figure 1.2, page 16) (Moot ¢f o/, 1998). When sotted by year
of isolation, 35 isolates between 1949 and 1980 werc all pra.4(1), which was also found in
the two strains used to produce the Dutch WCV. However, since 1981, types pru4(2) and
prnA(3) have appeared and percentages of both these types has gradually risen temporally.

2 As the genetic nomenclature for pertactin and pertussis toxin used by Meei and colleagues has vacied from
publication to publication, and is nonstandard according to the Nomenclarure Committes of the American
Society for Mictabiolagy (ASM) Publications Boatd, the following will be used throughout the thesis:
P.69A=prnt, T.6OB=pr2, P.6IC=pru3, etc, will become praA(l), prad(2), praa(3), ete, and STA=p/ST,
SiB=prxs2, S1ID=prx54, ctc, will become pixA(1), pixA2), pleA(3), etc.
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Since 1993 these two novel types have comptised approximately 90% (123/133 isolates) of

the Dutch B. pertnssis population.

The pettactin sequence data from isolates between 1989 and 1996, were also analysed using,
the age gtoups of the pertussis cases, to determine whether the vaccination status of an
tndividual was associated with a particular pertactin type. Moot and colleagues {1998) thus
assumed that at 0 to 3, 4 to 11, 12 to 48, and over 48 months, childten had no, partial,
optimal, and waning immunity, tespectively. The authots found that the percentage of the
vaccine type priA(l) revealed a downward trend in the no, partial and optimal immunity
groups (from 22% 1o 8%) (Mool er 4/, 1998). This showed that infection by the nou-
vaccine types, preA2) and praA(3), was more likely in vaccinated subjects, and the authors
stated that

“, .. vaccine-induced immunity against pra (1) steains is stronger than those against

proeA(2) and prrA3) ...
Mool e/ ah, 1998)
No information regarding the vaccination status of the individuals were available, so
confidence in the immunity levels cannot be determined, although from 1993 to 1996, 85%

of pertussis patients older than 12 months were vaccinated (de Melker ez 4/, 1997).

Polyimorphism was also found in the genc encoding the S1 subunit of pertussis toxin
(procA) for 49 B, pertussis isolates (Moot e/ al, 1998), as single nucleotide polymorphisms
(SNPs) in two regions that were previously identified as T ccll epitopes (Peppoloni ef 4/,
1995). Three pixA types were observed, paxA(l), pixA(2), and prcA(3), (Figure 1.4, page
48). When grouped into three time periods, isolates from the pre-vaccination era, 1949 to
1954, cither contained pe1(2) or pixA(3), which were found in the two strains of the
Dutch WCV. In 1978 to 1985, a novel pix1 type, pix(l) appeared and was present in
12/15 (80%) of the isolates. This predotminant pixd type increased further, to 15/17 {88%0)
of isolates, between 19920 and 1996.

Mooi ¢ @/ (1998) concluded that these new pettactin and pertussis toxin types not found in
the Dutch WCV appeated in the B. persussis population through time due to vaccine-driven
evolution. They also suggested that this antigenic shift may be contributing to the
resutgence of pettussis in other countries with high WCV coverage (1.4.3, page 26), and
that further work was needed to study the population structure of B. perinssiy in other

countsies (Moot e/ ak, 1998),
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Following the studies in The Netherlands, Moot collaborated with workers in Finland and
Italy to detetmine the polymorphism of the genes coding for pertactin and pertussis toxin
in isolates from these countries (Mooi ¢f al, 1999; Mastrantonio ez 2, 1999). In Finland, a
genetic shift was scen in B, pertwssey isolates from 1953 to 1996, The Finnish WCV also
contains strains possessing praA(1), plcA(2) and pixA(3). Five isolates tested from 1953 to
1964 wete prid(1) and pxA(2), but six isolates from 1982 demonstrated a shift to pru(2)
and pixA(1). The 43 most recent Pinnish isolates from 1990 to 1996 were all prseA(1), but
tevealed four pertactin types, uncovering a new type, prad(4), with oaly 3 (7%) of the
isclates containing praA(1), whilst praA(2) predominated in 31 (72%) of the isolates, The
nuinbers of isolates in this study in Finland are low however and, although antigenic shifts
may be occurring, there have not been any major outbreaks or resurgence of pertussis in
Finland cotmpared to The Netherlands. The authors suggested that this lack of resurgence
may be due to differing levels of protection by the WCV when challenged with pettactin
vatfants. Furthermote, they stated that the frequency of pr#2473) in The Nethetlands was
highet than in Finland; 51%, compated to 5/43 (12%), and that the frequency of prnA(3)
may have caused the 1996 epidemic in "Lhe Nothetlands. Expetiments using mouse

challenge models may elucidate this matter (Moot ¢f #/, 1999).

‘I'he study in Italy focused on B. persassis isolates from vaccinated and unvaccinated children
to investigate any association between pertactin and pertussis toxin variants and vaccination
status (Mastrantonio ef 4/, 1999). These isolates were collected during an Ttalian pertussis
vaceine trial between 1993 and 1995 and, thetcfore, 2 temporal analysis over a latger time
scale cannot be made due to the unavailability of isolates. In 129 1solates, fout pertactin
variants were found, pra<(1), (2), (3) and praA(5), another novel type. The vaceines tested
all contained pruA(1), and this type was present in only 8/129 (69%) of the isolates tested.
The prevalent przA types in Italy were of similar frequencies to those of the recent isolates
from Yhe Nethetlands: pruA(2), 53/129 (41%) and preA(3), 65/129 (51%) in Italy,
compared to 36% and 51%, respectively. Interestingly, thete was no significant association
between the distribution of pettactin vatiants among the vaccinated and unvaccinated
group. Howeves, the authors stated that;

“,.. isolates with przA(1) are more affected by vaccine-induced immunity than

1solates with preA(2) or praA3) ...

(Mastrantonio ¢ /, 1999)

Only 30 Ttalian isolates were investigated for pertussis toxin gene polymaorphism. All
isolates tested were of type pri(1), reflecting similar recent distributions of B, perfssis in

The Nethetlands and Finland, and the vaccines used 1n the Italian trials also contained
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either prcA(2) and/or prxA(3). The authors concluded that, although vaccine coverage was
lower in Italy than in The Nethetlands, the population structutc of B. perfussis was similar
(Mastrantonio ¢f 44, 1999). Their findings did not suppott the theory of vaccine-driven
evolution, but suggested that either the population structute may have been influenced by
ncighbouting countties with high vaccine coverage, or that even a relatively low vaccine

coverage may have had a significant effect on the B. perfwssis population (Mastrantonio e/ 4/,

1999).

1.7 Aims of thesis

Bordetella pertussis research has had a recent revival after the resutgence of pertussis in many
countyies with high vaccine coverage. ‘Lhe Netherlands produced data suggesting a theory
that circulating strains had eimcrged which were different to the vaccine strains and was
thus causing a pertussis resurgence (Mooi £ 24, 1998). Although thete has been no
apparent resurgence in the UK, determining the genotypic diversity and cstablishing
epidetiolagical typing of B. perfussis isolates in the UK would be invaluable. Thus, an
cvaluation of the cuttent B. pertussis situation will be made, together with the impact of
vaccination policy and the resulting pertussis incidence. Direct comparisons with other
countries such as The Netherlands and the USA will also be performed (Mooi of 24, 1998;

van Loo ¢ g/, 1999). Therefore the aims of this thesis ate desctibed below.

1.7.1  To characterise the range and distribution of sequence variation in
pertactin and pertussis toxin genes of Bordetella pertussis isolates

from the United Kingdom

Bordetella pertnssis isolates will be obtained from archive collections from vatious soutces in
the UK, and recent isolates selected from those submilted to the Pertussis Reference
Laboratory at Manchester University. These isolates will be investigated for pertactin and
pertussis toxin S1 gene variation, and analysed for any temporal trends that have occurred
since widespread vaccination against pertussis was introduced in the UK i 1957 (Chapter

3),
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1.7.2  To investigate the genotypic diversity of a representative sample of

historical, through to current, UK Bosdetella pertussis isolates

The genowypic diversity of UK isolates will be calculated by selecting isolates from the
initial data-sct collected for aim 1.7.1 (see above) at random, and applying the IS7002-RFLP
typing method of van Loo ¢ /. (1999). Genotypic diversity values will then be directly
compared with those from The Nethetlands, and to elucidate whether;
“... vaccination has selected for strains that are adapted to a highly vaccinated
population ...”,
(van Loo ¢/ al., 1999)

This investigation is covered in Chapter 3.

1.7.3 To examine cusrent Bordetella pertussis isolates for any association
between clinical, epidemiological, and laboratory data

For isolates obtained from the Pertussis Reference Laboratory, Manchester, there are

extensive epidemiological data stored at the Lmmunisation Division, CDSC, London. These

include age, sex, vaccination history, severity and outcome of illness of the patients.

Laboratory data such as serotyping, pertactin and pertussis toxin sequence types, and

IS7002-RFLP types, will be merged with the epidemiological data and interrogated to

identify any association between strain characteristics and disease patterns (Chapter 3).

1.7.4 To characterise Bordetella pertussis sirains collected by the Missouri

State Public ITealth Laboratory from Missouri, USA

A small number of B. pertussis straius from Kansas City, Missoutt were collected when there
was an Increase in pertassis incidence, and these were tested alongside some carlier and
contempotaty strains for their relatedness. Phenotypic and genotypic methods to be used
included; serotyping, prad and pixA gene sequencing, PEGE and IS7002-RFLP analysis.
These data will then be discussed and compared to the UK data in Chapter 4.

1.7.5 To evaluate molecular typing techniques for their indices of

discrimination by using a panel of Bordetella pertussis isolates

From the main set of B, pertussis isolates collected for this study, a smaller panel of solates
will be carefully selected accotrding to thew isolation date, serotype (if known), pruel and

pixA type, patient vaccination status, date of birth and severity of disease. These will then
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be randomised into a final panel, including epidemiologically-related strains and replicates
of strains, and then blinded so as not to bias experiments. This panel will be analysed using
vatious methods including PFGE and IS7002-RFLP analysis, so that direct comparisons

can be made between methods (Chapter 5).

1.7.6  To expand work on a DNA sequence-based apptroach to the genotypic

characterisation of Bordetella pertussis

An MLST schetne based on the MLER technique used on B. pertussis Musser ef af., 1986},
will be devised to deduce whether this approach gives enough discrimination for genotypic
chatractetisation. Virulence genes will be tested for their variability, and inclusion of the
aforementioned targets pertactin and pertussis toxin ST subunit genes will also be
consideted in a sequence-based typing scheme’, Sequence-based typing will enable direct
compatisons between laboratoties for any B. perfussis strain, This work is featured in

Chapter 6.

1.7.7  To identify novel molecular methods to type Bordetella pertussis
isolates
Molecular methods such as PFGE and IS7002-RFLP analysis have been used with some
success in discriminating B. perfissis isolates (Beall e/ 2/, 1995; van Loo ¢ af, 1999). Another
study comparing RAPD, ERIC-PCR and PFGE, concluded that RAPD and ERIC-PCR
are simple and rapid methods, yet the poor discrimination level in both these techniques
makes them unsuitable for studying the epidemiology of B. pertussis (Moissenet e ai., 1996).
Single-cnzyme AFLP analysis has been applied to several bactetia as 4 {lexible, simple,
quick and telatively inexpensive technique, but there has been no evidence of any prior
investigations using AFLP for B. pertussis epidemiology. A selection of enzymes and primers
will therefore be tested for their ability to type Bordetelia periussis isolates. Results are
described in Chapter 7.

3During the conrse of this thesis, Van Loo of af, (2002) reported an MLST scheme based on susjace protein genes, which fus
shawni some farther discrimination and this bas affected the approach of this ain.
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1.7.8 To investigate a number of epidemiologically-significant markers by
using clinical material obtained from Bordetella pertussis-positive

patients

Although primary culture/isolation of B. pertussis is the “gold standard” for pertussis
dingnosis, it is rclatively insensitive and can take up to four days for colonies to appear. The
detection of pertussis infection has been successful using other methods such as serology
and PCR. Howevet, subsequent typing techniques such as PFGE and IS7002-RFLP
analysis require a large amount of bacterial DNA to obtain adequate results. Direct
sequence typing will therefore be attempted on nasopharyngeal aspirates (INPAs) and
pernasal swabs (PNSs) reccived by RSIL that were previously culture and/or PCR-positive
fox B. pertussis. Tatgets such as pertactin and the pertussis toxin S1 subunit genes will be

amplified by PCR ditectly on clinical samples and, if successful, the amplicons sequenced

(Chapter 8).

Before this project began, the sequencing of the B. pertnssis genome was still al the contignous sequences
(contig) assembly siage at the Wellcome Vrust Sanger Institnte in Cambridge. When the genome projoct was
at the final annotation siage, the priveipal investigator, Dr Julian Parkhill gave me special permission to
avcess the unpublished genome. The annotated genome was sveniually pubizshed in Sepiember 2003

(Parkhill et al., 2003).
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2 MATERIALS AND METHODS

54



All methods and procedures used at the Respiratory and Systemic Infection Laboratory
(RSIL), Central Public Health Laboratory (CPHL), London, were perfortmed using Good
Labotatory Practice and with due regard to safery. In addition, Control of Substances
FHazardous to Health (COSHH) regulations, appropriate Risk Assessments (RAs) and
Public Health Labotatoty Setvice (PHLS) Standard Operating Procedures (SOPs) were
consulted. Patient data wete handled according to Caldicott guidelines and the Data
Protection Act of 1998.

The addtesses of suppliers of equipment and chemicals referred to in this thesis are listed
in Appendix 2. Plastic consumables wete obtained from the Stores department at CPHL,

unless otherwise stated.

2.1 Bordctella isolates

Al 495 Bordetella strains available for this thesis are listed in Appendix 3 and sunmarised in
1'able 2.1 (page 506).

2.1.1 Historical Bordetella pertussis isolates

Prior to 2002, no systematic collection of Berdeteila periussis isolates from the United
Kingdom was available for examination. Therefore, stored B. pertwssis isolates were
identified and obtained from various sites in the UK, including the Wellcome Bacterial
Collection, held by the National Collection of Type Cultures (NCTC); NCTC’s own
reference collection, PHLS CPHL, London; the University of Glasgow, Glasgow, Scotland,;
Pertussis Reference Laboratory (PRL), Manchester University, Manchester; and the Centre
for Applied Microbiology and Research (CAMR), Salisbury. Isolates are detailed in
Appendix 3, Pact A {page 297). Date of isolation, or whete this was not known, the year
deposited, was used for all analyses. Information concerning the depositor and source was
known mostly for the isolates from the Welleome Bacterial Collection. A total of 294
isclates wete collected from 1920 to 1986, zlthough not all were used in this thesis (sce

“Reasons for exclusion” in Appendix 3, Part A, page 297).
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Table 2.1. Summary of bacterial isolates available for this thesis

Source of isolates (Appendix 3, ; Organism Encompassing | Number of

part) period i isolates

Wellcome Bacterial Collection (Part A) | B. pertusss 1941-1985 tie

National Collection of Type Cultuses B. pertussis 1920-1967 14

(Patt A)

Univetsity of Glasgow (Part A) B. pertusriv 1977 11

Manchester University (Pacts A and B) | B. perussis 1978-1979, 55
1998-1999 103

Centte for Applied Microbiology and B. pertnssis 1981-1985 148

Research (Part )

Respiratory and Systemic Infection B. pertnssis 1999-2002 35

Labotatory (Pasrt B)

Wellcome Bacterial Collection, B. pertussis n/a 16

National Institute for Biological

! Standards und Control, Aventis

Pasteur, National Collection of Type

Cultures, National Institute of Public

Health and the Environment in The

Netherlands, and Institut Pasteur (Part

Q)

Missouri PHL, USA (Part D) B. peritussis 1984-2001 435

National Collection of Type Cultures | B. paraperinssis | n/a 2 ._

and National Institute of Public Health 5

and the Havironmeint in The

Nethetlands, (Part E)

‘I'otal available 1920-2002 495

n/a=not applicable, these sttains were cither used for teference, or were vaccine strains.
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2.1.2 Contemporary UK Bordetella pertussis isolates

Bordetella pertussis isolates were collected between Seprember 1998 and Apil 1999 from
Manchester University (Appendix 3, Patt B, page 307). This sub-set of isolates represents
every B. pertussis isolate in England and Wales in this time period referred to Manchester
Univetsity for serotyping. A sclection of isolates which were submitted ditectly to RSIL,
PHILS CPHL, London were either from the Pucdtatric Intensive Care Unit (PICU) study,
which ran from Novembert 1998 to November 2000 (Crowcroft #f 44, 2003) or from the
enhanced laboratory diagnosis of pettussis for England & Wales, formally established on
the first of April 2002 (Anon, 2002). This latter scheme was introduced to confitm
pertussis cases using PCR (for infants under six months of age with suspected pertussis)
and ELISA serology (for adults with a cough persisting for over 21 days and children with
a cough persisting for over 14 days), where both tests are available through RSIL. The use
of the addidonal tests, PCR and serology has increased the diagnostic yleld over culture
Pty ez @i, 2004). Clinical and epidemiological data were available for the tsolates from
Manchester University, and were abtained from the enhanced swrveillance database, held at
the Communicable Diseases Sutveillance Centre (CDSC), London, see Appendix 3, Part B

(page 307). A toral of 138 recent UK isolates were available for this thesis.

2.1.3 Bordetella pertussis vaccine and reference strains

Enquities made to vatious vaccine manufacturers and the National Institute for Biological
Standards and Control (NIBSC) identified three strains used in the UK whole-cell vaceine
(WCV) made by Buttoughs Wellcome {referred to in text as Wellcome) from 1957 co 1996.
The steains CN2992B and CN3099, which are identical to CIN2992 and CN4132,
respectively, were obtamned from the Wellcome Bactenial Collection, and sttain. CIN5476,
was obtained from NIBSC, Potters Bar (Appendix 3, Parct C, page 315). From 1996, a
WCV manufactured by Aventis Pasteur has been used in the UK, although unfortunately,
the two strains IM1414 and IM 1416, were not obtained for further evaluation. Information
of their scrotype, pettactin and pettussis toxin S1 genotype ate, however, known
(Njamkepo et af,, 2002). The strains nsed for two pertussis acellulax vaccines (ACVs) used
in the UK since 1999, the Tohama-| strain and strain 10536 (“Kendrick” strain), were

obtained from NIBSC and Aventis Pasteur, Maidenhead, respectively.

The B. pertussis type strain 18323" (NCTC 10739") was obtained from NCTC, CPHL
(Appendix 3, Past C, page 315). Reference strains for two typing methods IS7002-based
restriction fragment length polymosphism (IS7002-RFLP) analysis, and pulsed-field gel



clectrophotesis (PFGE), were kindly donated by Han van det Heide from the National
Institute of Public Health and the Environment in The Nethetlands (RIVM} or Elisabeth

Njamkepo from the Institut Pasteur in Paris.

2.1.4 Bordetella pertussis isolates from Missouri, USA

Forty-five clinical isolates of B. pertussis from Missouri PHL were sent to RSIL, fot analysis,
one of which was later identified as B. parapertussis and therefore excluded from further
analysis (Appendix 3, Patt D, page 316). Ten isolates were from Kansas City, which wete
geographically and temporally clustered within seven weeks between June and July 1999.
"The othet: isolates were epidemiologically-untclated, with 15 collected between 1984 and
1989 and 19 between 1996 and 2001, Clinical data wete limited to isolates from May 1989
to January 2001 and are detailed in Appendix 3, Putt D (page 310).

2.1.5 Bordetella parapertussis strains

A strain of Bordetella parapertussis, NCTC 10853, was obtained from the NCTC and listed in
Appendix 3, Patt E (page 318). The B. paruperinssis strain B24, used to produce the probe
for the IS7T002-RFLP analyscs, was obtained from [1an van des Heide of the RTVM, The

Nethetlands.

2.2 Revival, growth and preservation of Bordetella species

2.2.1 Revival of Bordetella from freezc-dricd ampoules

Strains from the Wellcome Bacterial Collection, NCTC, CAMR, and the Univetsity of
Glasgow, wete teceived as freeze-dried cultures in ampoules. These wete recovered as
tecommended by the NCI'C and PHLS (CPHL and PHLS, 2000a). Ampoules were etched
with a diamond cutter and a heated glass pipette applied for one to two seconds to produce
an audible and encircling crack. The ampoule was left for approximately five minutes in a

rack to allow the pressure inside the ampoule to equdibrate with that outside.

The following was performed in a Class 1 Safety cabinet. Approximately 0.5 ml of nutrient
broth (Media Services, CPHL) was added to the ampoule and then incubated at toom
tetperature fot five to ten minutes, Two to three drops of mixed bacterial suspension were
inoculated onto a pre-warmed chatcoal blood agar (CHAR) plate, containing 10% volume

to volume ratio (v/v) hotse blood (Media Services), and left to dry for three to five



minutes. The inoculum was then strcaked around the entite plate using a sterile loop. Plates
were incubated at 37°C and checked for growth after three days, and incubated for at least
seven days. T'o ensute that strains were pure, a single colony was picked and subcultutred

onto a fresh CHAR plate for a further two to four days.

The remaining bacterial suspension was transferred to 4 labelled sterile 1.5 ml
microcentrifuge tubce. This was centrifuged at 16,000 xg¢ for five minutes (14,000 tpm on a
model 54150, Eppendotf UK Limited). The supernate was aspirated using a fresh pipette
tip and the pellet stored at —-80°C. These samples were used for further revival or DNA

extraction attempts.

2.2.2  Culture conditions

Al Bordetella pertussic strains were grown ot CHAR plates. An addition of 40 mg/] of
cephalexin was used to inhibit growth of other bacteria (CHC), where necessary.
Inoculated plates were incubated at 37°C in a humid environment for three to seven days.
Small, silver colonies were accepted as the morpholoigeal identification of B. perfussis.
Bordetella parapertussis isolates were also grown on CHAR plates Media Setvices). These
were incubated using the same conditions as for B. pertussis, but for a shotter time interval

of two to four days.

223 Prescrvation of Borderella pertussis isolates

A Standard Operating Procedure (SOP) produced by the CPHL was followed for
preservation (CPHL and PEHLS, 2000b). Sterile beads (2 mm embroidery bezds, Creative
Beadcraft Lid) wete prepared for use by placing approximately 0.5 ml of the beads into 2
ml Sarstedt mbes, which wete then avtoclaved. Using aseptic techniques, bacterial culture
was emulsified in approximately 1-2 ml of sterile nutrient broth with 5% (v/v) glycerol
{(Media Services) in a bijou, to make a heavy suspension. The suspension was mixed using a
pipette, and then split into two labelled, sterile Sarstedt tubes containing beads, The tubces
wese capped then agitated to release any air bubbles arourd the beads, and then lefl for 5-
10 minutes. The excess suspension was temoved using a fresh pipette, and transferred into
two to four labelled sterile 1.5 ml microcentrifuge tubes to a volume of approximately 0.5
ml per tubre. The tubes wete then centrifuged at 16,000 xg (14,000 rpm) for five minutes,
The supesnate was aspitated using a fresh pipette and both the cell pellets and the beads
were stored at —-80°C, splitting the aliquots between freezers, DNA extraction was

performed using the cell pellets (2.4.1, page 60).
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2.3 Serotyping of Bordetella pertussis

Serotyping was petformed at RSIL or at Manchester University (one isolate from 1964,
three from 1978, two from 1979, 37 from 1998, and 61 from 1999). The method below
was used at RSIL.

Polyclonal rabbit antisera to agglutinogens 1, 2, and 3 (B. perfussis anti-agglutinogen 1 [no.
89/596), B. perinssis anti-agglutinogen 2 fno. 89/598], and B. pertusiis anti-agglutinogen 3
[no. 89/600], NIBSC) wete used in a slide-agglutinaton assay. Bricfly, a loopful of B.
pertussis previously gtown on CHAR plates was suspended in approximately 200 pl of
phosphate buffered saline (PBS) (Mcdia services). A glass microscope slide was wiped with
70% ethanol and 5 pl each of cell suspension, and anti-agglutinogen 1, 2, ot 3 were mixed
and then rotated for approximately four minutes, to test for agglutination. A positive or
nepative reaction was recorded for cach agglutinogen tested, and a negative control (PBS)
was petformed for each isolate on the slide. Controls NCTC 10908 (serotype 1,3) and
NCTC 10907 (scrotype 1,2} were tested for agghatinogens 1, 2, and 3, each time serotyping

was petformed.

At Manchester University, they follow a similar shde-agglutination assay, although they

produce rabbit antisera in-house, which would require futther standardisation and testing,

2.4 DNA extraction

24.1 DNA purification from pure culture

To ensute tecovery of high molecular weight DNA, the Nucleon blood and cell culture
(BACC) 2 Kit was used (Amersham Biosciences UK Ltd). The BACC!H protocol for small
volumes wete followed from the manufacturet’s instructions (tevision date 1997), with

some minor adjustments:

Cell preparation, cell lysis and deproteinisation were performed on the bench. A B. pertassis
pellet was te-suspended in 700 pt of Reagent B (400 mM Tris-HCL (pH 8.0), 60 mM
EITA, 150 mM NaCl, 1% w/v SDS) (350 pl if the pellet was small) by gentle tnixing using
a pipette, and split into two 1.5 ml microcentrifuge tubes, to approximately 350 ul per tube.

One of the two aliquots was then stored at —80”C for archive. To each wotking aliquot, 2.5
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jul of a 50 pg/ml RNaseA solution (R-4875, Sigma) were added and incubated at 37°C for
30 minutes. Deproteinisation was achcived by adding 100 pl of the 5M sodium perchlorate
solution. Tubes were gently inverfed several times for 10 to 20 seconds to ensure thorough

mixing.

The stages where chloroform was handled were carried out in a fume cupboard. The DNA
was extracted by adding 600 |l of chloroforn to the suspension, and then inverting several
times for 10 to 20 seconds to produce a milky-white emulsion. To produce a physical layer
between the aqueous and the oiganic phase, 150 pl of the Nucleon silica suspension was
added and inverted as before. "Tubes were centrifuged at 350 xg for 1 minute to scparate the
aqueous and organic phase. Without disturbing the middle silica layer, the upper aqueous
phase containing DNA in solution, was transferred to a fresh 1.5 ml microcentrifuge tube

(approximately 450 ul).

The DNA precipitation and washing was performed on the bench. Approximately two
volumes of cold absolute ethanol were added to the aqueous phase (900 pl). Tubes wetc
then invetted a few times to precipitate the DNA, which appeats as tiny white strands. To
pellet the DNA, the tubes were centrifuged at 4,500 xg (7000 rpm) for 5 minutes. The
supernate was pipetted or pouted carefully into a suitable waste ethanol containet, taking
care not to disrapt the DNA pellet. One ml of 70% cold ethanol was added to the pellet
and the tube invetted several times to wash the DNA. The tubes wete re-centrifuged as

before, and the supernate discarded.

The DNA pellet was air-dtied for 15 to 30 minutes with the tubc caps open and tubes
inverted to remove any temaining ethanol. DNA was re-suspended in 50 pi of 1 x TE
buffer (10 mM Tris (T-6066, Sigma), 1 mM EDTA (E-5134, Sigma), pH 8.00 4 0.05) to
mitially dissolve the pellet. The DNA suspension was cither placed on a rotary shaker
(Mikroshaker 20 E, Camlab Limited) for two hours or stoted overnight at 4°C to fully
dissolve the DNA. The IDNA extracts wete then either quantified as below (2.4.2, page 61)

or stored at —40°C until usc.

242 Quantification of DNA

The concentration of extracted DNA was calculated using the GeneQuant
specttophotometer (Amersham). The DINA was measured in triplicate at A, , with the

concentration automatically calculated, based on the assumption that double-stranded
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DNA has a concentration of 50 ug/ml in 2 10 mm pathlength cell at an optical density
(OD) of 1 (£ 1% of the reading). Mean concentration values were calculated and recorded,

Measutements by this method were reproducible and reliable.

24.3 DNA purification from clinical samples

Bacterial DNA from frozen nasopharyngeal aspirates (INPAs) and pernasal swabs (PNSs)
was isolated using the Qiagen Blood & Cell Culture DNA Mini Kit (Qiagen). This kit was
chosen because of its success in putifying high molecular weight DNA from vatious types
of samples. The ‘Blood and Body Fluid Spin Protocol’ (revision date January 1999) was

followed and all reagents were provided in the kit, unless stated otherwise.

The NPAs/PNSs samples wese taken from —70°C and allowed (o thaw at room
temperzture. Into each labelled 1.5 ml microcentrifuge tube, 40 pl of QTAGEN Proteinase
K was added. To this, 400 pl each of the sample and Buffer AL was pipetted into the tube
and pulse-vortexed immediately for 15 scconds. (NOTE: Tf the NPA/PNS was less than
400 pl, then the other reagents were adjusted accordingly, e.g., 2 200 pl sample requites 20
pl QIAGEN Protease and 200 pl Buffer AL). Tubes were then incubated for 10 minutes

at 536°C for the cells to lyse.

After a brief centtifuge, 400 1l (or appropriate volume) of 100% cthanol was added to the
tubes to precipitate the IDNA, "Lhis was briefly vortexed, then centrifuged again, before the
mixture was transfecred to a labelled QIAamp spin column (within a 2 ml collection tube).
The columns were centrifuged at 6,000 x¢ for 1 minute to collect the DNA in the filter and
remove the lysate. The collection tube was discazded and replaced with a clean tube. Buffer
AW1 (500 wh) was added to the column and centrifuged at 6,000 xg for 1 minute to wash
the DNA. The collection tune was discarded and replaced as before. A final wash with 500
pl of Buffer AW?2 was performed and centrifuged at 20,000 xg for 3 minutes. To prevent
possible Buffer AW?2 carryover, the spin column was placed in a clean collection tube and
centrifuged for a further minute at 20,000 xg. The spin column was then transferred to a
stexile, labelled 1.5 ml microcentiifuge tube and 200 pl of Buffer AR, which was pre-heated
to 56°C, was added. Tubes were incubated for 1 minute at room temperatute to inctease

DNA yicld and then centrifuged at 6,000 xz for 1 minute.

The eluate was then divided into twa aliquots and stored at -80°C until required,
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2.5 DNA sequencing

All the genes studied in this thesis are Isted in Table 2.2 (page 65). Targets were sequenced
either to screen for variation as possible epidemiological markers, or to determine their

genetic stability as molecular probes (for example, the IS7002 probe).

2.5.1 Design of oligonucleotide primers for PCR amplification and DNA

sequencing

Piimers wete designed for the following genes: pertactin (praA), adenylate kinase (adk), and
filamentous haemagglutint (fhB). Appropriate B, pertwssis sequences were downloaded
from GenBank, National Centre for Biotechnology Information (NCBT), Bethesda, M.
(http:/ /www.ncbirlm.nih.gov). For pertactin, all the vatiants of this gene were aligned in
GeneBase (Applied Maths) (Table 2.2, page 65). Primer design was based on the complete
pettactin gene sequence available (GenBank accession number, J04560), and the
constructed alignment was used to check fot suitable primer sites. Pritmers for ad% and fhal

were designed using the sequences Z29715 and X53405, tespectively (GenBank).

Suitable primers were chosen using GeneBase with the following constderations: (1) due to
the high G+C content of the B. pertussis genome (67.72%), shott oligonucleotides (17-20
nt) were chasen to keep the predicted temperature of dissociation (T,) under 65°C; (i) to
eliminate hairpin loops and primer dimer formation, the “masimum nternal
complementary units” function in GeneBase was set to 8 to stop sttuctures of more than 4
complementary bases within the primer(s) from occurting; (i) the internal stability of
primers was checked, such that primers that had GC-tich 5'-ends were chosen in
prefetence to those primers with GC-tich 3'-cnds; and (iv) when desighing primers for
PCR reactions, the primers should not complement each other, but should have similar T,
values, +/- 5°C. Candidate primers were then synthesised by MWG Biotech, puttfied using
their High-Purity Salt-Free (HPSF®) method, see Table 2.3. (Page 66).

2.5.2 General methodology for PCR

Each gene target is described sepatately in 2.5.4, 2.0.1, 6.2 and 8.2 (pages 68, 81, 218, and
250), with all PCR parameters tested. All PCR reactions were prepared it a clean
environment, by using a PCR cabinet decontaminated with ultra-violet light, and dedicated

pipettes and tips. Latex ot nitrile gloves were wotn throughout the PCR preparation and all
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plastic disposables wete certified DNase-free. To validate all PCRs, positive and negative
controls were prepared for each PCR assay, adding genomic DNA from B. pertussis NCTC

10739 and nuclease-free water (Promega), respectively. Reactions were all at a final volume

of 50 i, with the Tug DNA polymerase, the 10 x PCR buffer and 50 mM MgCl, obtained
from Invitrogen, the dN'TPs from Roche, the ptimers synthesised by MWG Biotech and
nuclease-free water from Promega. Further details of the primers are given in Table 2.3,
page 66. The amplifications were petformed using the PTC-200 DNA Engine, or the PTC-
225 DNA Engine Tetrad (M] Research) in 0.2 ml PCR tubes, ot the [1ybaid Touchdown™
Thetrmal Cycler (Hybaid Ltd) using 0.5 ml PCR tubes.

Some optimisation or adaption of a published method was required. This involved cithet:
(@) the addition of dimethyl sulphoxide (DMSQO), to facilitate DNA strand separation and
prevent secondary stiuctures, (i) the adjustment of MgCl, concentration and/or the
anncaling temperature to maximise the specificity of the PCR reaction, and (iii) the

adjustment of DNA template concentration.

253 Separation and visualisation of PCR products

IPCR products (5 pl) were loaded on a 1.25-2% (weight to volume ratio, w/v) agarose gel
(Invitrogen), with 3 pl of 6 x gel-loading buffer 1ype IT, 0.25 % (w/v) bromophenol blue,
0.25 % (w/v) xylene cyanol FF, 15 % (w/v) Ficoll in water (Sambrook and Russell, 2001).
Standard ladders of either 100 bp or 1 Kb (Invitrogen) wete also loaded at least twice on
each gel row, to allow accurate size estimation of the amplicons produced. Fragments were
analysed on 2 horizontal gel electrophoresis apparatus in 1 x TBE (89 mM Tris, 89 mM
boric acid, 2 mM EDLA, pH 8.3, Sigma) at either 5.3 V/cm for 45-60 minutes in a GNA-
100 tank or at 4.1 V/cm for 1-2 howss in a GNA-200 tank, (Amessham). Gels were then
transfetred to 1 litre of distilled water containing 1 pg/ml ethidium bromide (Sigma), and
left to stain for approximately 30 munutes. Gels were then photographed using the Polaroid

MP-4 system with black and white 667 film {Polaroid), under UV light at 305 nm.
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2.5.4 PCR amplification of the pertactin and the pertussis toxin 51 subunit

genes

2,541 Pertactin gene

This PCR protocol was adapted fiom Moot e /. (1998). To encompass the two
polymotphic regions (see 1.6.4, page 46), primers AF and BR were used (o produce an
amplicon of approximately 1428 bp (Figure 2.1, page 69). When the entire pertactin gene
was sequenced, two further amplicons were required, a 626 bp amplicon at the 5'-end
generated with primers PR8I and PRN707R, and a 973 bp 3'-end fragment using
PRIN1976F and PR5R. Optimisation reactions (50 ul) contained 10% v/v DMSQ, 1.5-3.5

M MgCl,, 10 mM Tris-HCI (pI1 8.3), 2.5 mM KCI, 200 pM dNTP, 1{} pmol each of
forwatd and revetse primets, 2.5 U Tag DNA polymerase, and 10-100 ng template DNA,

Cycling conditions were as follows, initial denaturation at 95°C for 3-5 minutes, then 30 or
40 cycles consisting of denaturation at 95°C for either 10, 15, 20 or 30 seconds, annealing at
47-71°C for 10, 15, 20 or 30 seconds, and extension at 72°C for 45 seconds or 1 minute,

followed by a final extension of 7 minutes at 72°C, with a final 4°C hold.

Figure 2.2 (page 70) illustrates the optimisation experiments using the primer pair AF and
BR, adjusting the DNA template concentration and annealing temperature. Amplification
of the 5-amplicon (Figure 2.3, page 71) did not require optimisation, but amplification of
the 3"-amplicon using PRN1976F and PR5R was optimised by adjusting the annealing
temperature (Figure 2.4, page 72),

Optimised conditions

For amplification of the pertactin gene using any of the forward and reverse pritner
combinations above, the reaction mixtute contained 10% v/v DMSO, 2.5 mM MgCl,, 10
mM Tris-HCI (pH 8.3), 2.5 mM KCl, 260 uM dNTP, 10 pmol each of primers, 2.5 U Tag
DNA polymerase, and 100 ng template DNA from pute culture extraction.

‘I'he cycling conditions used with primers AF and BR comprised an initial denaturation at
95°C for 5 minutes, then 30 cycles consisting of denatutation at 95°C for 15 seconds,
annealing at 57°C for 15 seconds, and extension at 72°C fot 45 seconds, followed by a final

extension of 7 minutes at 72°C, with a final 4°C hold.
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Amplification of the 3'-end of the pertactin gene needed no optimisation, and used ptimets
PRSI and PRN707R. The cycling conditions were as follows: initial depaturation at 95°C
for 5 minutes, then 30 cycles consisting of denatutation at 95°C fox 30 seconds, annealing
at 55°C for 30 seconds, and extension at 72°C for 45 seconds, fullowed by a final extension

of 10 minutes at 72°C, with a final 4°C hold (Figure 2.3, page 71).

To amphify the 3'-end of the pertactin gene, primers PRN1976F and PR-5R were used. The
cycling conditions wete as follows: initial denaturation at 95°C for 5 minutes, then 30 cycles
consisting of denaturation at 95°C for 30 seconds, annealing at 58.4°C for 30 seconds, and

extension at 72°C for 45 seconds, followed by a final exteasion of 10 minutes at 72°C, with

a final 4°C hold (Figure 2.4, page 72).

2.5.4.2 Pertussis toxin S1subunit gene

The PCR to amplify the pix4 gene was also adapted from Moot ef a/ (1998). The same
ptimers (SF and SR) wese used to generate a product of approximately 876 bp (Figure 2.5,
page 74). Reactions of 50 pl were optimised with ox without 5% v/v DMSQ, and
contained 1.5-3.0 mM MgCl,, 10 mM Tris-HCI (pH 8.3), 2.5 mM KCI, 200 pM dNTP, 10

pmol each of forward and reverse primers, 2.5 U Tag DNA polymerase, and 10 or 100 ng

template DNA.

Amplification parameters for optimisation consisted of initial denaturation at 95°C for 3 or
5 minutes, then 30 cycles of 95°C for 15 seconds, anncaling between 48-68°C for 15
seconds, and 72°C for 45 seconds or 1 minute, with a final extension of 72°C for 7 or 10

minutes, and a final 4"C hold.

Tigure 2.6 (page 75) illustrates the optimisation experiment used with the primer pair SI*

and SR, and adjusting the MgCl, concentration in the presence or absence of DMSO.

Optimised conditions

Reaction mixtures for the amplification of the pertussis toxin gene using the primer
combination SF and SR contained 1.5 mM MgCl,, 10 mM Tris-HCI (pH 8.3), 2.5 mM KCl,
200 pM dNTP, 10 pmol cach of ptimets, 2.5 U Tag DNA polymerase and 100 ag of
template DINA.
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The cycling conditions used with primets SF and SR comprised an initial denatutation at
95°C for 3 minutes, then 30 cycles consisting of denaturation at 95°C for 15 seconds,
annealing at 59°C for 15 seconds, and extension at 72°C for 1 minute, followed by 4 final

extension of 10 minutes at 72°C, with a final 4°C hold.

2.5.5 PCR product purification

Excess dN'1Ps, primers and Tag DNA polymerase were removed from the PCR amplicon
with the Wizard® PCR Preps DNA Purification System Kit (Promega). This kit was
chosen for its ease of use, speed and ability to tecover large amplicons (>1.5 Kb) at a high
yield. Manufacturer’s instructiotis wete followed (revision date 5/01), with some alterations

detcaled below.

Onc hundred microlitres of the Wizard® PCR Preps DNA Pusification Buffer were added
to labelled sterile 1.5 ml microcenttifuge tubes, the number of tubes dependent on the
numbet of amplicons putified. Triplicate PCR reactions wete usually pooled to give a
better yield, thus, approximately 135 pl PCR reaction was transfetred to the respective
Iabelled tube for purification. These wete agitated and then 1 ml of Wizard® PCR Preps
DNA Purification Resin was added. Tubes were vortexed for 3 x 5 second buists overa 1

minute period.

If seven or morte samples were processed at the same time, then the Vac-Man® Laboratoty
vacuum manifold (Promega) was used (maximum of 20 samples), following section V.. of
the manufactuter’s instructions (2.5.5.1, page 76). Section V.B. was followed, a method

using 2 ml sytinges, when six ot fewer samples were processed (2.5.5.2, page 77).

2.5.5.1 Vacuum manifold mcthod for PCR product purification

The manifold was st up with a vacuum pump (BDH) and moisture teap. Labelled
Wizard® Minicolumns wete placed on to the required number of inlets, and a syringe
Datrel (3 ml, provided in kit) sctewed into the Luer-Lok® extension of each minicolumn.
The resin-DNA mixture was then transfetred into the syringe barrel and vacuum was

applied to draw the mixture into the minicolumn, This captutes the resin, to which the

DNA is attached.

The vacuum was stopped and 2 ml of 80% isopropanol added to the syringe battel to wash

the DNA. The vacuum was then re-applied to draw the isopropanol through the column.
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When the minicolumn was cleat of liquid, the vacuutn was stopped and the column was
transferred to a fresh, lubelled 1.5 ml microcenttifuge tube. Tubes were then centrifuged at
10,000 xg for 2 minutes to remove tesidual liquid. ‘I'he minicolumn was transferred to a
fresh, labelled 1.5 ml microcentrifuge tube and 50 pl of nuclease-free water was added to
the colutmn to elute the DINA. Tubes were centrifuged again at 10,000 xg for 30 seconds to
recover the DINA. The minicolumn was removed and discarded, the waste from the
manifold was discatded and the purified PCR product was stored at 4°C awaiting DNA
quantification (2.4.2, page 61).

2.5.5.2 Syringe method for PCR product purification

Fresh microcenttifuge tubes were labelled, and 2 minicolumn placed onto each tube.
Disposable, sterile 2 ml sytinges were dismantled, with the barrel being placed fitmly onto
the minicolumn, and the plunger set aside. The resin-DNA mixture was then transferred
into the syringe barrel and, over a waste jur, the plunger was inserted back into the barrel,
‘['he plunger was then gently pushed to force the shurry through the minicolumn and into

the waste jar.

The plunger was removed from the barrel and 2 ml of 80% isopropanol added to the tesin.
As before, the plunger was inserted into the barrel and gently pushed to wash the DNA
and to clear the barrel of liquid. The syringe was then discarded and the tube with the

minicolumn was centrifuged as detailed above in 2,5.5.1 (page 76).

Puzified PCR products wete stored at 4°C, untit DNA quantification (2.4.2, page 61) was

performed, and then stored at -30°C until required.

2.5.6  Sequencing reaction and precipitation protocols

‘I'wo systems were used to generate sequence data, both based on the didecoxynucleotide
method (Sanges ¢7 af,, 1977) either; (i) using an ABT Prista® 377 DNA Sequencer (Applied
Biosystems) at the University of Dutham; or (if) the CEQ™ 2000 (Beckman Coulter) at
RSIL from Apsil 2000, which was upgraded to a CEQ™ 2000XL in Apsil 2001, then to a
CEQ™ 8000 in September 2002. Manufacturer’s instructions wete followed, using 75-150

ng of purified PCR product as template.
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All sequence teaction mixtutes were prepated in a PCR cabinet (described in 2.5.2, page
63), and all plastic consumables and other reagents not included in the kits were previously
sterilised ot certified DNase-free. Thete were diffetences between the two systems in the

preparation of the sequence reactions and the precipitation, and these atc desctibed below.

2.5.6.1 ABI Prism® BigDye™ Terminator Cycle Sequencing Ready Reaction Kit
This kit was used primarily for sequencing the pertactin and pertussis toxin §1 amplicons
of most UK and Missouri B. pertussis isolates (see Chapters 3 and 4). The revised version C
{(1998) protocol was followed, using the “Cycle Sequencing on the DNA Thermal Cycler
(TC1) ot DNA Thetrmal Cycler 480 section for the cycling conditions. Reactions were
petfortned in 0.5 ml thin-walled PCR tubes on the Hybatd ‘Touchdown™ Thermal Cycler
(Hybaid Ltd).

The following were added to a 0.5 ml thin-walled PCR tbe; 8 pl Terminator Ready
Reaction Mix (ABI), 3.2 pmol of sequencing primer, 90 ng of PCR product template and
nuclease-free water to a final volume of 20 pl. A drop of mireral 0il overlaid the sequence
reaction to teduce evapotation duting the PCR cycling. 'The cycling conditions were as
follows; initial denaturation at 95°C for 1 minute, then 25 cycles of denaturation at 96°C for

30 seconds, annealing 50°C for 15 seconds and extension at 60°C for 4 minutes, followed

bv a 20°C hold.

To scparate the sequence reaction mixture from the mineral oil, the entire mixture
(apptroximately 50 pl) was tansterred onto a length of Parafilm ‘M’ (15 em x 5 cm). The
Pagafilm was then pently rocked lengthways to move and sepatate the mineral oil from the
aqueous phase, as the oil adheres to the Parafilm. The clean sequence reaction mixture
{(approximately 20 utl) was then transferred to a sterile 1.5 ml Sarstedt tube and the

isopropanol precipitation method was followed.

To cach reaction, 80 |l of 75% isopropanol was added. The tubes were vortexed bricfly to
mix the isopropanol and reaction, and then left at toom temperature for 15 minutes to
ptecipitate the extension products. To separate the product from the supernate, the ubes
were centtifuged at 14,000 xg¢ for 20 minutes, The supetnate was aspirated and discarded,
taking care not to dislodge or touch the pellet, where the tabes were marked to identify the
location of the pellet. The pellet was then washed with 250 ul of 75% isopropanol, to

remove any residual salts, and then centrifuged for 5 minutes at 14,000 xg The superpate
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was again aspirated carefully and discarded. A small piece of Parafilm was stretched over
the mouth of each tube and a hole was made using a pipette Lip. These were then vacuum
dried using 2 vacuum chambes: for approxifately 30 minutes, re-capped, packaped and sent

to Univetsity of Dutham for further processing on an ABI Ptism® 377 DNA Sequencer.

2.5.6.2 CEQ™ 2000 Dye Terminator Cycle Sequencing with Quick Stazt Kit

The manufacturer’s protocol, version BCL P /N 608118:AA (2000) was used with the
Beckman Coulter platform. A pUC18 conttol template (provided in kit) was included each
titne a batch of sequencing reactions was petformed, The PTC DNA FEngines Models 200

ot 225 (M] Research) wete used with 0.2 ml thin-walled PCR tubes.

Sequence teactions were set up as in 2.5.6.1 (page 78), but in labelled 0.2 m_ tubes; & ul
DTCS Quick Start Master Mix (Beckman Coultet), 3.2 picomoles of sequencing primer,
75-150 ng of PCR product template and nuclease-free watet to a final volume of 20 pl. The
cycling conditions wete as follows; 30 cycles of denaturation at 96°C fot 20 scconds,

annealing at 30°C for 20 seconds and extension at 60°C fot 4 minutes, followed by a 4°C
hold.

Tor precipitating the dye texminatoss, a Stop Solution was prepared by mixing 3 M NaOAc
(Sigma), 100 mM EDTA (Sigma) and 20 mg/ml glycerol (provided in kif) at a 2:2:1 rado.
"T'his Stop Solution was prepared fresh on the day, corresponding to the number of
reactions ptocessed (e.g., for 8 reactions, 16 pl ED'TA, 16 il NaOAc and 8 pi glycerol is

required).

'The 20 pil reaction mixture was transferted into « labelled, sterile 1.5 tnl microcentrifuge
tube. Five mictolitres of Stop Solution was added to each tube and gently agitated. Ice-cold
ethanol (95%, 60 p) was added and mixed thotoughly. The tubes were then centtifuged at
4°C for 15 minutes at 19,000 xg (14,000 tpm). The supernate was gently aspirated (approx.
90-95 i), leaving a small white pellet at the bottom of the tube. The pellet was then tinsed
twice with 200 pl 70% ice cold ethanol, with cach rinse requiting a centrifuge at 4°C fot 2
minutes at 19,000 xg (14,000 tpm). After the second rinse, the tube lids wete closed and 2

hole was made in each lid to allow the pellet to dry. The tubes were then placed in the

vacuum chamber for about 20 minutes, or until the pellets were dry.
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The pellets were then prepated to run on the CEQ™ 2000 analyser by dissolving them in
30 pi of Sample T.oading Soltion (SLS, containing formamide). Carc was taken to locate
the pellet before opening the tubc, as the pellet may be statically charged and can be lost or
not properly dissolved in the SLS. The SLS was initially mixed up and down using a filter-
free tip (formamide in the SLS can teact with the filter polymer to produce aerosols that
can degrade the deoxy terminators) until dissolved and left on the bench for 5 minutes.
The sample was then transferred to the 96-well sequencing plate and ovetlaid with 2 drop
of mineral oil to stop the sample from degrading and the formamide from oxidising. The
sample plate could then be loaded straight onto the CEQT™ 2000 analyset to determine the
sequence, ot sealed with a Scal & Sample Aluminum Foil Lid (Beckman Coulter) and
stored at —40°C.

2.57 Sequence analysis

The scquence data wete analysed using both the chirotratogram file, a hard copy of the
chromatogram and the nucleotide sequence. All sequences from either the ABI Prism®
377 DNA Sequencer ot the CEQ™ 2000 analyser, were checked manually by studying the
chromatogram. The pUC18 conttol sequence was compated with the reference sequence
for quality control purposes. ‘T'he contigs were constructed by aligning the navel scquences
with known sequences from GenBanlk. The softwate packages used wete either GeneBase

ot Kodon (Applied Maths).

Alignment of sequence data was petformed using GeneBase version 1.0 with a refereace
sequence. The hard copy chromatogram and the unknown scquence wete edited manually
and simultaneously. '[he edited sequence file was then saved in an appropriate folder and
given a unique name according to its strain designation and the primer used. This sequence
was clustered with other known variants of the apptopriate gene and then identified to a

known type, e.g., praA(1), or given a new designation, if novel.

GeneBasc was updated in February 2002 by Applied Maths, who introduced Kodon as a
sequence and whole genome analysis software package. The chromatogram and the
unknown sequence were edited semi-automatically, with both the chromatogeam and
sequence saved in a Kodon database. The contig was then aligned with a cluster of known

vatiants and designated as above.
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Whete a sequence was of poor quality (e.g., too many ambiguities, low signal, insertion or
deletion of bases due to mis-calling) the sequence reaction was repeated (2.5.6, page 77)
and, in some circumstances, the target gene was re-amplificd (2.5.4, page 68) and re-

sequenced.

2.6 IS1002-Restriction Fragment Length Polymerphism analysis

This method was adapted from van Loo ¢f af. (1999). One major change to this protocol
was in the labelling and detection, from peroxidase and X-ray film with the Enhanced
Chemiluminescence Gene Detection System (Amershamy, to the digoxigenin (DIG) system
(Roche), using colotimetric detection. Key steps in optimising this technique wete; () the
PCR amplification of the DIG-labelled TS7002 ptrobe (2.6.1, page 81), (if) the concentration
of probe (2.6.5, page 85), (iif} the temperature required for hybridisation (2.6.5, page 85),
and (iv) the subsequent washing conditions (2.6.6, page 86).

2.6.1 Digoxigenin-labelling of the IS1002 probe via PCR amplification
The 293 bp 1S7002 probe was produced by PCR using the PCR DIG Labelling Mix from

Roche. This kit was chosen, as the DIG-dUTP is incorporated into the amplicon where
there is a thymine base, and thus the probe becomes highly labelled and very sensitive.
Buordetetla parapertussis DNA from strain B24 was used for the amplification of the probe.
This patticulat strain of B, pargpertussis is used to minimise cross-hybtidisation with the
similar inscttion elements 18487 and 1S7007, as strain B24 does not contain these other

clements compared to other B, parupertussis isolates (pets comin, Han van der Heide).

Optimisation

Optimisation of this PCR teaction was performed with the following parameters; reaction
mixtures (100 pl) were prepared in a PCR cabinet and transferted into 0.2 ml thin-walled

tubes with ot without 10% v /v DMSQO containing, 2.5 mM MgCl,, 10 M "L'iis-HCI (pH
8.3), 2.5 mM KCl, 200 uM dANTP (containing 70 pM DIG-dUTP), 10 pmol each of Hgl

and Hg2 primers (Table 2.3, page 66), 2.5 U Tag DNA polymerase, and 10 ng of template
DNA.

Tubes containing mixtures wete transferred o a thermal cycler and amplified as follows;
initial denaturation of 95°C for 5 minutes, then 30 or 35 cycles of denaturation 95°C for 45

seconds, annealing 40-64°C for 45 seconds and elongation 72°C for 1 minute, with a final
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extension of 72°C for 7 minutes, and a 4°C hold. Figute 2.7 (page 83) shows the

optimisation when 10% v/v DMSO is included and 35 amplification cycles are performed.

Optimised conditions

The IS7002 element was amplified successfully when the teaction contained 10% v/v
DMSO, 2.5 mM MgCl, 10 oM Tris-HCI (pH 8.3), 2.5 mM KCl, 200 pM dNTP
(containing 70 uM DIG-dUTP), 10 pmol each of primets, 2.5 U Tag DNA polymerase and
10 ng of template DNA. The optimum cycling conditions had an initial denaturation of
95°C for 5 minutes, then 35 cycles consisting of denaturation at 95°C for 45 seconds,
annealing at 50°C for 45 seconds, and extension at 72°C for 1 minute, followed by a final

extension of 7 minutes at 72°C, with a final 4°C hold (Figure 2.7, page 83).

PCR products were then visualised as in Scction 2.5.3 (page 64), with a 100 bp ladder
(Invitrogen) to identify fragments of 293 bp. If the IS7002 fragment was present, 3x 100
11l mixes were pooled and putified using the Wizard® PCR Preps DINA Purification
System KKit (2.5.5, page 76). Putified 1$7002 frapments were then quantified (2.4.2, page 61)
and stored at —30°C until use (2.6.5, page 85).

2.6.2 Restriction endonuclease digestion with Smal

Five pg of extracted genomic DNA (see 2.4.1, page 60) were digested for 4 hours at 37°C
with 10 U of the restriction endonuclease Smal (recognition sequence CCCIGGG, Roche)
i 1 x Buffer A (provided with Saal) in a final volume of 50 ul. Reactions wete stopped by

the addition of 15 pl of 6 x gel-loading buffer type II (Sambrook and Russell, 2001), mixed
thoroughly, and products stored at —30°C.

2.63 Separation of DNA fragments by Field Inversion Gel Electrophoresis

The same CHEF-Mapper XA System (Bio-Rad) apparatus was used for every gel to
increase reproducibility and to allow comparison of the reference strain across different

blots. Electrophoresis was performed ovetnight for 20 houts.
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A 1% agarosc gel was prepared using 200 ml of 0.5 x IBE and 2 g of pulsed field certified
agarose (Bio-Rad). A gel tray of 25 em x 16 cm was wiped with 70% ethanol and a 25-tooth
comb was placed ncat the top of the tray. The CHEF-Mapper tank was filled with 1800 ml
of 0.5 x TBE, the pump switched on at speed 7 and the chiller system set to 20°C. After
cooling and casting, the gel was placed in the tank and secured well with pipette tips. The

gel was left to equilibtate in the TBE buffer for at least 15 minutes.

‘I'he digests were prepated as described in Section 2.6.2. (page 82) and the molecular-weight
ladders wete taken from —30°C and allowed to thaw at room temperature. Two of the three
ladders were applied as a mixtute by initially pre-heating 1.5 pl of a 100 ng/ul dilution of
CHEFE DNA 8-48 Kb ladder (Bio-Rad) at 65°C for 5 minutes. After equilibrating to room
temperature, 1.5 Wl of a 100 ng/ul dilution of 2 1 Kb Jadder (Invitrogen) was added, and
made up to 15 pl with 12 pl of 6 x gel-loading buffer type II. The DIG-labelled DNA
molecular weight marker 1T (Roche) was prepared by adding 5 pl of 6 x gel-loading buffer

type II to every 10 pl of marker. Twelve S0l DNA digests were run on each gel along
with the B. permssis type strain (NC1'C 10739"), to determine the intra-gel and inter-gel
reproducibility. The pump was switched off hefore loading the samples. The combined
CHEF/1 Kb ladder mix was loaded in the first and last wells, the DIG matker in every
fourth well, and the reference strain NCTC 10739" next to the outer two DIG markers,
and in the middle well (well numbets 4, 13, and 22), using a total of 23 wells. Bach gel was
tun for 20 hours at 180 V (equivalent to 5.5 V/cm, forward voltage), and reverse voltage of
120 V (~ 3.6 V/cm), with forward and reverse switch times of 0.1 seconds, and a linear
ramp. To ensure that the DNA had run into the gel, the pump was left off for 5 minutes
after starting electtophotesis, then switched back on to re-circulate the TBE buffer and
prevent the tank from ovet-heating. On completion of the mun, the gel was stained in 1
pg/ml ethidium bromide for 30 minutes to visualise the restricted DNA, and a photograph
was taken. The gel was then processed immediately to transfer the DNA to a nylon

membrane.

2.6.4 Vacuum transfer of DNA to a nylon membrane

“The gel was prepared before transfer of DNA to Hybond N™ nylon membrates
(Amersham), as follows; the gel was denatuted for 2 x 15 minutes in 200 ml denatoring
solution, 1.5 M NaCl, 0.5 M NaOH (Sigma), and then rinsed in sterile distilled water
briefly. The gel was then neutralised in 200 ml neutralising solution, 1.5 M NaCl, 0.5 M
Tris-HCl, pH 7.6 (Sigma) for 2 x 15 minutes, then tinsed again in sterile distilled watesr. A
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picce of nylon membrane was preparcd by cutting a size that encompasses the bands from
the gel, with at least a 5 mm ovetlap, and labelled in the upper right-hand cotner with the
dare transferred. The membrane was then cquilibrated for at least 5 minutes in 100 ml of 2
x SSC solution, (0.3 M NaCl, 30 mM sodium citrate) (Invitrogen), and the solution was

kept for use later.

I'he VacuGene X1, vacuum hlotting system (Amersham) was prepated fallowing the
manufacturet’s instructions. A vacuum of approximately 50 em®H,(O was applied and 50
ml of transfer buffer (10 x SSC buffet) wete pouted on to the surface of the gel. Transfer
buffer was topped up when the gel surface was dry and approximately 100 ml was used in
total. The vacuutm was applied for over an hour to ensure adequate transfer of DNA

fragments to the nylon membrane.

To prevent the DNA smearing on the membranc, the gel was fitst removed, and then the
pump was switched off. The membrane was rinsed for two minutes in the 2 x SSC solution
retained from eatlier and then dried at 37°C for approximately 20 minutes between two
pieces of clean filter paper. The gel was te-stained in 1 pg/ml ethidium brotmide for 30
minutes and re-examined under UV illumination to cnsure that DNA transfer was
successful. The DINA was fixed to the nylon membrane by UV cross-linking, Each
membtane was placed DNA side down on the UV transilluminator, and then exposed to
UV at 305 nm for 1-2 minutes. The membrane was then either stoted in a dark, dry place

at toom temperature indefinitely, or immediately processed following the section below.

2.6.5 Pre-hybridisation and hybridisation of membranes

The membrane was transferted to a hybridisation bag (Invitrogen) and 20 ml of DIG Easy
Hyb buffer (Roche) added. Air bubbles were cxpelled befote the ag was heat-sealed, and
then incubated in a water-bath at 47°C for 4 hours. The cotner of the bag was cut and the

DIG Easy Hyb huffer removed.

Optimisation

An expetiment to establish the optimal amount of probe, and the temperature of
hybridisation was performed with eight replicate membrane strips (approximately 30 mm x
155 mtn). The initial gel was run and blotted as in 2.6.3 and 2.6.4, respectively, whete each
sttip had the DIG ladder and n B, pertussis strain from Missouri (MO-234, MO-83, MO-73,

ot MG-9). Membrane sttips were labelled 1 through to 8, and treated in separate
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hybridisation bags (Table 2.4.a, page 88). Concentrations of 1S7002 probe used were 3.3,
1.3, 0.7, and 0.3 pmol ptobc/ cm? membrane, and two watet baths wete set at 42°C and
52°C.. In smalles, sepatate bags with the individual strips, the probe was added to 0.5 ml
DIG Easy Hyb buffet, the air bubbles were removed, the bag was re-sealed, and then
incubated in the relevant watet-bath overnight. Subsequent washing and blocking of the
strips were performed together. Detecton of bands were carried out in separate bags, and
the volume of Buffet 3, 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt (BCIP) and
nitroblue tetrazolium chloride (NBT) (Invitrogen) was adjusted accordingly (sce 2.6.0,
below). Figure 2.8 (page 89) shows the developed sttips, numbered 1 to 8.

Optimised conditions

A hybridisation temperatute of 47°C and a IS7002 probe concentration of 3.3 ptmol/cm®
i0 1 ml of DIG Rasy Hyb buffer was used for all subsequent experiments. The next step
(2.6.6, page 86) followed immediately.

2.6.6 Washing and detection of digoxigenin-labelled bands

All washes and incubations wete performed on a shaking platform in plastic boxes, to give
even, thotough results for each membrane treated. The cotner of the hybridisation hag was
cut and the hybsidisation buffer was coliected using & 1 ml Gilson pipette. The
hybridisation buffer was frozen at —30°C in « sterile plastic bijou, for one further vsc on an
unhybridised membrane. The membrane was rinsed in a few mls of Wash solution A (2 x
SSC, 0.1% w/v SDS), pre-warmed to 37°C, to remove any excess hybridisation buffer. A
fatther two washes, cach for 5 minutes with 200 ml Wash solution A, wete cartied out on
the shaking platform. The membrane was then washed for 2 x 5 minutes with 200 ml Wash
solution B (0.1 x 88C, 0.1% w/v SDS) at 37°C.

Optimisation

An optimisation expetiment was used to test the stringency of the washing conditions by
varying the concentration of SSC and the temperature of the second wash, in Wash
solution B. Six teplicate membrane strips (apptoximately 30 mm x 155 mm) were produced
as above (2.6.3, page 85), and each included the DIG ladder, a B. periussis strain (CN 2055)
and a B, parapertussis strain (UK 38 or NCTC 10853). Membrane strips wete labelled 1
through to 6, and wete washed in sepatate plastic boxes (see Table 2.4.1, page 88).
Volumes of Wash solution A wese adjusted according to membrane size and the

concentrations of SSC in Wash solution B wete tested at 0.1 x and 0.01 x. Aliquots of
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Wash solution B were incubated either at tootn tempetatutre on a shaking platform, or in
two watet baths at 52°C and 68°C with gentle rocking, Washing times were the same as
above, and subsequent washing and blocking of the strips and the detection of bands were
performed together (see below). Figure 2.9 (page 90) shows the developed sttips,

numbected 1 1o 6.

To prevent non-specific binding of the probe, the membrane was incubated for 30 to 45
minutes with 100 tol Buffer 2, 1% w/v blocking reagent (Roche), 0.1 M Tris-HCl, 0.15 M
NaCl, pH 7.6. The anti-DIG-AP Fab fingments (Roche) were centrifuged at 13,000 xg for
5 minutes ptior to initial use, and 1 minute before each use thereafter. This was to rwmove
any smalt antibody aggregates that could lead to backgtound noise (spots) at the detection
stage. The antibody was diluted 1:4000 in Buffer 1 (0.1 M Tuis-FICI, 0.15 M NaCl, pH 7.6)
(20 put antibody, 80 ml Buffer 1). The membrane was incubated in the antibody solution for
30 minutes, and the reaction stopped by washing the membrane twice for 5 minutes in 200

ml Buffer 1.

The membsane was equilibrated in 100 m! of Buffer 3 (0.1 M Tiis-HCIL, 0.1 M NaCl, 50
mM MgCl,, pH 9.5) for 5 minutes. The membrane was then drained and transferred in to a
plastic bag (24 cm x 18 em), T'o detect the DIG-labelled bands, 25 ml of substrate solation
(0.1 M Ttis- HC, 0.1 M NaCl, 50 mM MgCl,, 175 pg/ml BCIP, 337 pg/ml NBT) was
pipetted into the bag, the ait bubbles catefully expelled, and the bag heat-sealed. The
developing membrane was then incubated in the dark at room temperature. The labelled
bands usually appeated after an hout but the membranes were typically incubated for 6-16
hours, depending on the baclkground level. To stop the reaction the membrane was
removed from the bag and washed i distilled sterile water, The membrane was then dried
between two sheets of clean filter paper. Membranes were stored in a dartk, cool

enivitonment, until the next step (2.6.7, see below).




Table 2.4. Optimisation of IS7002-RFLP with membrane strips

a. Membrane strips used to optimisce the hybridisation temperature and concentration
of IS7002 probe.
Stip |  Bordetella Hybridisation | ISZ002 probe concentration
number | pertussis strain | temperature (pmol/cm”)
1 MO-254 42'C 0.3
2 MO-83 42°C 0.7
3 MO)-73 42°C 1.3
4 MO-9 42°C ' 3.3
5 MO-234 52°C 0.3
6 MO-83 52°C 0.7
7 MO-73 52°C 1.3
8 MO-9 52°C 33
h. Membrane strips used to optitnise the stringency of the washing conditions, using

Wash solution B.

Strip | Bordetella | Bordetella SSC butfer Washing
number | pertussis | parapertussis | concentration tempetatute
strain strain

1 CN 2055 UK 38 0.1 x SSC Room temperature
2 CN 2055 UK 38 0.1 x SSC 52°C

3 CN 2055 UK 38 0.1 x 85C 68°C

4 CN 2055 UK 38 0.01 x SSC Room tempetature
5 CN 2055 | NCTC 10853 0.01 xS8C 52°C

6 CN 2055 | NCTC 10853 0.01 xSSC__ 68°C |
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2.6.7 Analysis of IS1002-Restriction Fragment Length Polymorphism
profilcs

Developed membranes wetc scanned at 200 dpi (HP Scan Jet ADF; Hewlett Packard),
encompassing approximately the same area for each membrane, to minimisc variation in
analysis. The tagged information file format (TTFF) files were then mmported into the
BioNumerics software (version 2.5; Applied Maths), for the normalisation and band
assignment of the IST002-RFLP profiles. This was done in four steps according to the
BioNumerics manual; i} the 21 lanes were defined using a thickness setting of 31 points
with thtee nodes, and the background subtraction and spot removal was set at 20 points
and G poins, tespectively; ii) the densitomettic curves (taken from the intensity of the
hybridisation on the membrane) wete defined using lanes with a thickness of 19 points and
two nodes. For each membrane, a spectral analysis was performed, und valucs from this
were used for the background subtraction and the arithmetic average filtering; ifi) the DIG-
labelled DNA matker contained six visible bands after detection (23130 bp, 9416 bp, 6557
bp, 4361 bp, 2322 bp, and 2027 bp), and these bands were selected to notmalise the
profiles across the membrane. ‘L'he reference system used to estimate the band sizes is
dependent on the six bands in the DIG-labelled DNA marker, and the BioNumerics
manual tecommends using a logarithmic-dependent cubic spline fit; and iv) the initial band
assignment used the following band search filter settings; minimum profiling, 5.0%; “gray
zone”, 5.0% (relative to the maximuin value); minimum acea, 0.00%; and shoulder

sensitivity, 5.

After this automatic sclection, the assignment of bands were checked as a quality exercise,
accotding to the relative intensities of hybridised bands and the curve intensities. L hese
varying intensities were due to: the amount of restricted DINA loaded on the gel; the
efficiency of the vacuum transfer of DNA to the nylon membrane; the hybridisation of
probe and; the washing and detection times. However, weakly hybridised hands were not

assigned at the authot’s discretion.

Optimisation for idenfification of IST002-RFLP types

To identify IS7T002-RFLP types, normalised IS7002-RFLP profiles were compared with the
Dice coefficient of similarity, and clustered using the unweighted pair group mcthod with
arithmetic averages (UPGMA). Other similarity coefficients (Peatson, Jaccard) and

dendtogtam types (Ward) were used to analyse the data, but these wete sub-optimal when

91

i
i
!

I
s
I
‘1
8
i
!

i




analysed visually, and did not compate teliably with previous studies (van det Zee ¢f af,

1996b; van Loo ef 4/, 1999).

A range of band position tolerances (from 0.0 to 1.2%) and oplimisation scttings (frotm 0.0
to 1.0%) were used. A range of percentape similarity values (from 90 to 100%) was also
assessed to determine the optimal settings for type allocation. In order to define optimal
conditions, the data were examined visually to ensute that the percentage similarity
threshold (at or above which the patterns were considered to belong to the same type) were
consistent with their intra- and inter-gel appearance (Fry ¢/ al, 1999). The type strain of B,
pertussis (NCTC 10739") was also used as a reference strain to determine inta- and inter-gel
vatiation. To optimise the definition of an IS7002-RTLP type effectively, all 291 isolates

that were typed by this method were included in this optimisation stage.

Optinwun conditions for identification of IS7002-RYLP types

The reproducibility (as measured by vatiation in the molecular sizes calculated with
refetence to the typc strain) ranged from 92.1% to 100.0% (average 99.5%) for intra-gel
and 91.8% for inter-gel vatiation. Optimal conditions for type allocation were with 0.6%
optimisation and 1.0% tolerance, and using 91.8% similarity settings within the
dendrogram produced. Using these critesia, a total of 45 different RFLP types were
obsetved (Figure 2.10, page 93). The number of bands per RFLP type vatied between 3
and 9, with DNA band sizes of between approximately 2096 bp to 23.3 Kb.

Initially, the type RFLP-5 was identified as a separate type to RFLDP-1, because of the
apparent size difference of the highest band hybridised (approximately 16.4 Kb mn RFLP-5
compared to 15.4 Kb in RFLP-1). Upon further investigation, however, when clustered
using the optimised conditions, RFLIP-5 isolates clustered with over 91.8% similazity with
RELP-1, and therefore, isolates exhibiting RFLP-5 were re-classified as RFLP-1. "This re-
classification also occurted for RELP-37 isolates to become RFLP-25 isclates, as they

clustered at 93.3% similarity, which is over the 91.8% similarity cut-off.
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2.7 Pulsed-Field Gel Electrophoresis

This method, using Xbal (recognition sequence TICTAGA), was adapted from a paper
which recommended the procedure after a consensus meeting of pertussis epidemiologists
from 10 countties (Mooi ef af, 2000). One main adaption was the removal of
phenylmethylsulfonyl fluoride (PMSE), which is highly toxic and also requites dissolving in
a volatile otganic solvent. As PMSF stops the action of protcinase I, the omission of
PMST necessitated multiple washes to remove proteinase K activity (2.7.1, see below). The
concenttation of B. pertussis cells to be embedded in agarose, as measured by their

absotbaince at 650 nm, was also optimised.

2.7.1 Preparation of genomic DNA

Bordetolla pertussis isolates wete caltured on CHAR plates and incubated at 37'C for 48
hours. Plug moulds werc prepated, with six moulds being used pet isolate {each 1 x 0.6 x
0.1 em). Approximately half a plate of B. pertussés colonies was suspended in 1 mlof 1 xTE
(10 mM Tiis-HCI pH 8.0, 1 mM EDTA) and the absorbance was measured at Ay,
(Helios Epsilon Spectrometer, Unicam Ltd). Measutements of B. pertussiy cells at Aygeom
values of approximately 0.6, 1.0 and 1.3 weze tested, and it was found that an absotbance
o0f 1.3 at A provided the best result. A 3% solution of low melting-point agarose
(SeaPlaque, BMA) was prepared in 0.5 x TBE (0.3 g in 10 ml) and cooled to 40°C. Tcqual
volumes of the B. pertussis suspension and agarose (apptoximately 700 pl each) were then
mixed catefully and pipetted in to the plug moulds. The plags wetc left for 30 minutes at
room temperature to harden, then transferred into 5 ml of proteolysis buffer, 0.5 M EDTA
pH 8.0, 1% w/v sarkosyl (BDH), 0.5 mg/ml proteinase K (Sigma), in 25 ml glass universal

tabes. Tubes wete incubated overnight in a waterbath at 55°C.

The plugs were then washed five times in 5 ml of 1 x TE (pH 8.0) on a rocker for 30
minutes each at 37°C. They were stored in 10 ml of 1 x TE at 4°C, changing the TE at
monthly intervals. To teduce the smeating of the PFGE profiles, the plugs were left in the

fridge for at least two hours before starling the restriction step (2.7.2, see below).

272 Restriction endonuclease digestion with Xbal

A third of a plug (0.3 x 0.6 x 0.1 cm) was initially equilibrated at room temperature i1 200
ul of 1 x buffer solution H (provided with restriction endonuclease Xbal, Roche) for 30

minutes. This was then replaced with 200 pl of fresh 1 x buffer solution H and 40 U of
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Xbal (Roche), and incubated overnight at 37°C. The reaction was stopped by the addition
of 500 pl of 0.5 M EDTA (pH 8.0), and stoted at 4°C for several weeks, or until sepagation

by electrophotesis.

2.7.3 Separation and detection of DNA fragments

A 1% agarose gel was prepated (Sealem Gold, BMA), with 225 mi of 0.5 x TBE for a gel
tray of 20 x 25 cm. The buffer of cach restricted slice was changed to 200 pl of 0.5 x TBE
and equilibrated at room temperature for 30 minutes. The melted agarose was poured in to
the gel tray, retaining a few mls to seal the wells, and allowed to set for 30 minutes. Two
litres of 0.5 x TBE was poured in to the electrophotesis tank of 2 CHEF DR 1I systemm
{Bio-Rad), and the pump switched on with the chiller set to 16°C. The gel comb was
carefully removed and the plugs loaded. At the first and every foutrth well a lambda ladder
PFG matket (~ 0.75 pg, New England BioLabs) was loaded, which comprises multple
concatemers of 48.5 Kb, increasing to 1018.5 Kb. The restricted DNA slices are also
loaded in the approptiate wells, using a total of 22 wells. The wells were then sealed with
the remaining