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To all children suffering from 
whooping cough during the nights and 
the parents observing them feeling 
helpless  
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1 ABSTRACT 
Worldwide, Bordetella pertussis causes some 50 million cases of pertussis, and an estimated 
2-300,000 fatalities each year. In Sweden vaccination against pertussis was introduced in the 
1950s using diphtheria-tetanus-whole-cell pertussis vaccine (DTPw) until 1979, when it was 
withdrawn due to concerns about effectiveness. Thereafter, there was a vaccination-free 
period until 1996 when diphtheria-tetanus-acellular pertussis vaccine (DTPa) was introduced. 
During the period without general vaccination, pertussis had become endemic, with an overall 
incidence of 120-150/100,000 person years. After the introduction of the acellular vaccines 
this trend was changed to 7-26/100,000 person years from 1998 through 2004. Nevertheless 
pertussis is still a health problem in Sweden, with more than 1000 reported cases each year. 
The primary aim of this study was to characterise the clinical isolates of B. pertussis collected 
during different vaccination periods in order to find possible shifts in circulating bacteria 
related to vaccination. 
A reference system for typing B. pertussis was established based on 1810 clinical isolates. 
Pulsed-Field Gel Electrophoresis (PFGE) was used as the main method in combination with 
fimbrial serotyping and gene sequencing of two other virulence factors, pertactin (PRN) and 
pertussis toxin (PT). We suggested 35 Swedish reference strains for PFGE traceability. This 
reference material is deposited at Culture Collection University of Gothenburg. 
Further characterisation of 1270 Swedish B. pertussis isolates collected during periods with 
different vaccination programs indicated shifts with respect to the PFGE profile, fimbrial 
serotype and prn genotype. A large number of PFGE profiles were identified but only a few 
were predominant during each period, and others replaced them over time. Shifts in fimbrial 
serotype occurred and were directly related to vaccination policy. In the DTPw or DTPa 
periods, Fim3 was significantly more prevalent and in the vaccination-free period Fim2. Prn1 
was predominant during the DTPw period but was replaced by prn2 during the vaccine free 
period and DTPa period. Prn3 was sporadically observed through the study years with a peak 
in 1997-1998. The circulating strains differed from the vaccine strains in the studied markers 
and PFGE profiles. 
Changes in the B. pertussis population between three noted incidence peaks, in 1999-2000, 
2002 and 2004, were investigated. The data showed that one profile, BpSR11, first seen in 
1997, was dominating after 1999. Other BpSR11-related profiles, BpSR5 BpSR12, appeared 
with an increasing trend. Although vaccination with Pa has reduced disease, new variants 
have emerged in populations with high vaccination coverage. 
We compared Finnish (n=193) and Swedish (n=455) isolates circulating in 1998-2003 
together with vaccine strains used in these neighbouring countries with different vaccination 
histories. The results suggest that the sequential epidemics were caused by clonal expansion 
of B. pertussis strains possibly transmitted from Sweden to Finland. BpSR11 was seen in the 
Swedish 1999 peak and later in the Finnish outbreak in 2003. As early as 1994, however, it 
was isolated in France. 
We analysed the association of PFGE profile and serotype to severity of disease for all 
children followed during the first seven years of a surveillance project. There were in all 927 
children with both clinical information and strain characterisation data available. When two 
groups of strains characterised by PFGE profile or serotype were compared with clinical 
outcome, defined as duration of hospitalisation, spasmodic cough or complications, there 
were significantly more children with a long duration of hospital stay in the most frequent 
PFGE profile group (BpSR11) compared to the PFGE group of all other profiles (p=0.041). 
Our data indicate that the BpSR11 clone seems to have unique properties for spread and 
survival. 
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2 SAMMANFATTNING 

Globalt orsakar Bordetella pertussis årligen ca 50 miljoner fall av kikhosta med 
uppskattningsvis 200-300 000 döda. Vaccinering mot kikhosta introducerades på 1950-talet 
med ett difteri-stelkramp-helcells kikhostevaccin (DTPw) till 1979 när vaccinationen 
upphörde pga ineffektivitet. Därefter gjordes ett 17 år långt uppehåll fram till 1996. Under 
tiden blev kikhosta på nytt endemisk med en incidens av 120-150/100 000 personår. År 1996 
introducerades difteri-stelkramp-kikhosteacellulärt vaccin (DTPa) varefter incidensen 
minskade till 7-26/100 000 personår under perioden 1998-2004. Kikhostan utgör trots detta 
fortfarande ett hälsoproblem med fler än 1000 anmälda fall i Sverige under senare år.  
Det grundläggande syftet med denna studie var att karaktärisera kliniska isolat av B. pertussis 
samlade under perioder med olika vaccinationsprogram för att undersöka möjliga struktur- 
förändringar hos cirkulerande bakterier relaterat till vaccination. 
Först etablerades en referensmetod baserad på 1 810 kliniska isolat karaktäriserade med Puls 
Fält Gel Elektrofores (PFGE) som huvudmetod i kombination med serotypning av fimbria 
samt DNA sekvensering av pertussis toxin (PT) och pertaktin (PRN), två andra 
virulensfaktorer. Trettiofem stammar med olika PFGE-profiler, representerande mer än 85 % 
av analyserade isolat, valdes som referensmaterial för spårbarhet av PFGE och deponerades 
hos Culture Collection University of Gothenburg. 
För att undersöka hur olika bakterieegenskaper förhållit sig över tiden karaktäriserades 1 270 
isolat från perioder med olika vaccinationsprogram. Av ett stort antal profiler dominerade ett 
fåtal under varje period. Isolat med serotype Fim3 dominerade under DTPw och DTPa 
perioderna och serotype Fim2 under den vaccinfria perioden. Prn1 var dominant under DTPw 
perioden för att därefter successivt ersättas av prn2. Det konstaterades vidare att cirkulerande 
stammar hade olika egenskaper med avseende på studerade markörer jämfört med dem som 
använts för vaccintillverkning. 
I ett nästa steg undersöktes strukturella förändringar i bakteriepopulationen under tre noterade 
incidenttoppar år 1999-2000, 2002 och 2004 efter återinförandet av allmän vaccination. En 
profil, BpSR11, som observerats först år 1997, var dominerande efter 1999. Andra BpSR11-
relaterade profiler som BpSR5 och BpSR12 visade en ökning och ersatte mindre besläktade 
profiler. Nya bakterievarianter dyker upp trots att en stor del av befolkningen är vaccinerad 
och DTPa vaccinerna visat sig vara effektiva och reducerat antalet anmälda fall betydligt. 
Finska (n=193) och svenska (n=455) bakterieisolat, cirkulerande under 1998-2003, 
undersöktes tillsammans med vaccinstammar som använts i de båda länderna vilka haft olika 
vaccinationshistoria. Resultatet visade att epidemier uppträdde med förskjutning i tiden 
genom expansion av stammar spridda från Sverige till Finland. BpSR11 var till exempel en 
dominerande profil under svenska incidenstoppen 1999 och senare i den finska 
incidenstoppen år 2003. Denna profil var dominerande bland cirkulerande stammar i 
Frankrike redan 1994. 
Sist studerades möjliga associationer mellan PFGE-profil/serotyp och sjukdomens 
svårighetsgrad för de barn som följts under de första sju åren av vaccinuppföljningsprojektet, 
totalt 927 barn med både klinisk och mikrobiologisk information. Två grupper av stammar, 
karaktäriserade genom profil eller serotyp jämfördes med de kliniska kriterierna 
hospitalisering, dess längd, hostattacker, och komplikationer. Det fanns signifikant fler barn 
med längre sjukhusvistelse hos barn insjuknade med stammen BpSR11 jämfört med alla 
andra profiler (p=0,041). Data presenterade i denna avhandling visar att BpSR11 har unika 
egenskaper för spridning och överlevnad. 
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5 ABBREVIATIONS 
BpSR: Bordetella pertussis Swedish Reference  

BrkA: Bordetella Resistance to Killing, factor A  

CCUG: Culture Collection University of Gothenburg 

DT: Diphtheria -Tetanus vaccine 

DTPa: Diphtheria -Tetanus-acellular Pertussis vaccine 

DTPw: Diphtheria -Tetanus-whole-cell Pertussis vaccine 

ECDC: European Centre for Disease Prevention and Control 

ELISA: Enzyme-Linked Immunosorbent Assay 

Fim2: Serotype 2 fimbria 

Fim3: Serotype 3 fimbria 

Hib: Haemophilus influenzae type b 

IS: Insertion sequence 

LPS: lipopolysaccharide  

MAST: Multiple-Antigen Sequence Typing  

MLST: Multi-Locus Sequence Typing 

MLVA: Multiple-locus variable-number tandem repeat analysis 

NT: Not typeable 

PY: person year of follow-up 

Pa: acellular pertussis vaccine 

PFGE: Pulsed-Field Gel Electrophoresis 

PMSF: PhenylMetylSulphonylFluorid 

PRN: pertactin 

PT: pertussis toxin 

PtxA: pertussis toxin subunit A (S1) 

PtxC: pertussis toxin subunit C (S3) 

PtxP: pertussis toxin promoter 

Pw: whole-cell pertussis vaccine 

RFLP: Restriction Fragment Length Polymorphisms 

SMI: Smittskyddsinstitutet (Swedish Institute for Infectious Diseases Control) 

SNP: Single Nucleotide Polymorphism 

WHO: World Health Organisation 

VNTR: Variable number of tandem repeats 
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6 INTRODUCTION 

6.1 PERTUSSIS INFECTION 
Bordetella pertussis is the causative agent of pertussis (whooping cough), a bacterial upper 

respiratory tract infection. The classic form of pediatric pertussis in the prevaccine era was 

described as the presence of paroxysmal cough, post-tussive vomiting, inspiratory whoop and 

duration of cough lasting >28 days and up to 3 months. The disease was most severe in 

infants and young children, many of whom suffer the intense paroxysmal coughing spasms. 

Although still observed, this form of disease is less often seen nowadays except in 

unvaccinated children. Instead, atypical pertussis, usually without paroxysms and with a 

somewhat shorter duration of cough, is seen mainly in adolescents and adults [1]. The 

neonates and youngest infants may present with other atypical forms of pertussis, which may 

progress rapidly from non-specific symptoms like feeding problems and tachypnea to severe 

forms of disease and even death [2-4]. 

For use in vaccine efficacy trials WHO in 1991 defined typical pertussis disease as the 

presence of at least 21 consecutive days of paroxysmal cough plus laboratory confirmation or 

household contact [5]. The current WHO definition, used for reporting purposes, is “a case 

diagnosed by a physician or a person with a cough illness lasting for at least two weeks and 

with at least one of the following symptoms: paroxysms of coughing, inspiratory ‘whooping’ 

or post-tussive vomiting without other apparent cause”. Criteria for laboratory confirmation 

are: isolation of B. pertussis or detection of genomic sequences by PCR or positive paired 

serology [6]. The case definitions used for reporting within European Union [7] are at present 

being revised by the European Centre for Disease Prevention and Control (ECDC). 

The classic disease has an incubation period of 6 to 20 days (mean 7 to 10 days), and the 

clinical course is divided into three phases: the catarrhal, paroxysmal and convalescent 

phases. It starts like a viral upper respiratory tract infection with mild cough (the catarrhal 

phase, duration one to two weeks). The cough becomes more prominent during the 

paroxysmal phase with spasmodic attacks, often with cyanosis, vomiting and whoop; 

repetitive series of forceful coughs during a single expiration are sometimes followed by a 

massive inspiratory effort. The paroxysmal phase usually lasts one-six weeks but may persist 

up to ten weeks. Finally during the convalescent phase (a duration of several weeks) the 

cough gradually decreases in frequency and severity. Fever, pharyngitis and symptoms of 

systemic illness are usually absent. Although complications are rare, they are serious in 
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infants and include seizures, encephalopathy, and death. According to serological data from 

household contact studies the ratio of asymptomatic to symptomatic infection varies from 

3.5:1 to 21.6:1[8]. Infection among adolescents and adults has become an increasing problem. 

Different studies indicated that 13% to 20% of cases with prolonged coughing have pertussis 

infection [9].  

Secondary infections due to Haemophilus influenzae, Streptococcus pyogenes or 

Staphylococcus aureus manifest as pneumonia, sinusitis or otitis media [10-12]. 

Other micro-organisms like B. parapertussis [13], B. bronchiseptica [14], B. holmesii [15, 

16], Mycoplasma pneumoniae and adenovirus may cause similar symptoms – the pertussis-

like syndrome [17]. 

6.2 MICROBIOLOGY 
Bordetella pertussis is a small (0.2-0.5 X 0.5-2.0 µm) Gram-negative, and strictly aerobic 

coccobacillus. Jules Bordet and Octave Gengou succeeded in culturing the organism for the 

first time in 1906 [18] (Figure 6.1). The culture medium, now called Bordet-Gengou medium, 

is still used in clinical laboratories, although today it is often replaced by selective media with 

a longer shelf life such as charcoal agar plates [19]. It takes about three to four days on the 

culture plate to form the specific mercury droplet-shaped colonies [20]. Culture confirmation 

of suspected whooping cough is often missed after the catarrhal phase. 

 

Figure 6.1 Electron micrograph of isolate P63/97, the first Swedish Bordetella pertussis 

isolate, showing PFGE type BpSR11. By courtesy of Kjell-Olof Hedlund, SMI, Sweden. 
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Two closely related organisms in the genus Bordetellae are B. parapertussis and B. 

bronchiseptica. Whereas B. pertussis has adapted exclusively to the human host, B. 

parapertussis infections have been observed in both human and sheep. B. parapertussis 

causes a pertussis-like illness with shorter duration [21]. Bordetella bronchiseptica causes 

respiratory illness in domestic animals and rarely infects humans [14, 22-24]. The genomes of 

representative strains of these three pathogens have been sequenced completely [25]. Analysis 

of the gene components of the three genomes supports the hypothesis that B. pertussis and B. 

parapertussis are independent derivatives of B. bronchiseptica, and that they evolved 

primarily due to a loss of gene function [26]. 

Other members of the Bordetellae genus are B. avium, B. hinzii, B holmesii, B. petrii, B. 

trematum and B. ansorpii. Bordetella avium and B. hinzii are prevalent in birds. Bordetella 

avium is a pathogen of poultry and the complete genome sequence has been published 

recently [27]. Bordetella hinzii, and B. holmesii have been found in blood cultures from 

immunocompromised patients [28-30]. B. holmesii has also been isolated from patients with 

pertussis-like symptoms [15]. Bordetella trematum [31] and B. petrii [32] have been 

discovered in wounds in humans and in a bioreactor, respectively. Recently B petrii has also 

been isolated from an elderly patient [33]. Bordetella ansorpii recently has been isolated from 

purulent exudate of an epidermal cyst [34]. 

6.3 TRANSMISSION 
The human is the obligate host of B. pertussis. Most infections occur after direct contact, 

specifically by inhalation of airborne droplets discharged by the infected person. The patient 

is most infectious during the early catarrhal phase, when the symptoms are relatively mild and 

non-characteristic. This is also the period when bacteriological confirmation of B. pertussis is 

possible, whereas it is often missed beyond the catarrhal phase. 

Chronic carriage is not reported [35]. Healthy carriers of B. pertussis are assumed to play no 

significant epidemiological role, but atypical or asymptomatic infections are fairly common 

among adolescents and adults, which may contribute significantly to the spread of disease [8, 

36]. 

6.4 BORDETELLA PERTUSSIS VIRULENCE FACTORS 
A number of general and specific virulence factors (Table 6.1) are produced by B. pertussis 

[37, 38]. These factors include molecules found on the bacterial surface that is involved in 
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adherence of the organism to ciliated respiratory epithelial cells and toxins contributing to the 

clinical disease process. Four of them have been identified as critical antigens responsible for 

inducing immunity to B. pertussis: pertussis toxin (PT), filamentous hemagglutinin (FHA), 

pertactin (PRN) and fimbria (Fim). They have been purified and are used in acellular 

vaccines. 

 

Table 6.1. Biologically active and antigenic components of B. pertussis and possible roles in 

pathogenesis and immunity. 

 

Virulence factor Toxin / 
Adhesin 

Mechanism 

Filamentous hemagglutinin (FHA) Adhesin Promotes attachment to respiratory 
epithelium 

Pertactin (PRN) Adhesin Promotes binding to ciliated 
respiratory cells. 

Fimbria (Fim) Adhesin Critical roll as adhesin 
Bordetella resistance to killing 
factor A (BrkA) 

Adhesin Resistance to complement system 

Tracheal colonization factor (TCF) Adhesin Adhesin in the trachea 
Vag8 Adhesin Outer membrane protein 
Pertussis toxin (PT) Toxin and 

Adhesin 
Lymphocytosis-promoting factor, 
promotes attachment to respiratory 
epithelium  

Adenylate cyclase toxin (ACT) Toxin Acts as anti-inflammatory and 
antiphagocytic factor during infection 

Tracheal cytotoxin (TCT) Toxin Causes local tissue damage in the 
respiratory tract 

Dermonecrotic toxin (DNT) Toxin Tissue damage in respiratory tract 
Lipopolysaccharide (LPS) Endotoxin Endotoxin activity 

6.4.1 Bordetella pertussis Toxin (PT) 
PT is an extracellular protein and, thought to be a major cause of the pathogenesis of 

pertussis; it plays a role in the induction of clinical immunity although the correlate to 

protection is limited (See section 6.5.2). PT is composed of six polypeptides, designated S1 - 

S5 (ptxA-E) that are presented as a ratio of 1:1:1:2.1. This toxin is a typical A-B type 

exotoxin. The A unit is enzymatically active and the B units, which vary in number and nature 

of subunits, act as the receptor-binding domain [39]. It causes lymphocytosis, T lymphocyte 

mitogenesis, and inhibits chemotaxis and phagocytic function of leukocytes [40-42]. 

Neither this toxin nor any analogue is expressed in B. parapertussis bacteria. Studies that 

compare pertussis in children with either of B. pertussis or B. parapertussis indicate similar 
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findings but increased leukocytosis with lymphocytosis in B. pertussis–infected children and a 

shorter duration of disease in children with B. parapertussis [13, 21]. 

6.4.2 Filamentous hemagglutinin (FHA) 
FHA is a large, hairpin-shaped molecule involved in the attachment to ciliated respiratory 

epithelial cells. The major role of FHA in the pathogenesis of B. pertussis is the attachment of 

the organism to ciliated respiratory epithelial cells [43, 44]. Bordetella pertussis has been 

shown to inhibit T cell proliferation to exogenous antigens in vitro in an FHA-dependent 

manner. Data suggest that FHA is a strong immunogen, but serum antibodies to FHA have 

also been detected after infections with B. parapertussis and non-capsulated haemophilus 

[45]. 

6.4.3 Pertactin (PRN) 
Pertactin, known also as 69-kDa protein, is a surface-associated protein, participating in 

attachment through its RGD motif to facilitate eukaryotic cell binding and invasion [46, 47]. 

It is a highly immunogenic antigen. Vaccine trial studies show that antibodies to PRN are 

important in protection [48, 49]. Dutch studies suggest that the pertactin polymorphism (See 

also section 6.10) influenced on the effectiveness of the whole-cell pertussis vaccine used in 

The Netherlands. Nonvaccine types of PRN gradually replaced the vaccine types and was 

found in 90% of strains from 1990 to 1996 [50]. Studies from Finland have proved that there 

are subtype specific anti-pertactin antibodies [51]. 

6.4.4 Fimbria (Fim) 
Like other Gram-negative pathogenic bacteria, B. pertussis expresses fimbria, a polymeric 

cell surface protein that is involved in the attachment to ciliated respiratory epithelial cells. 

Two different major serotypes of fimbria have been defined, serotype Fim2 and serotype 

Fim3. These agglutinating antigens are encoded by different genes and could be expressed 

separately or simultaneously [52]. Based on observation in the United Kingdom, where 

serotype of the circulating B. pertussis changed after vaccination [53], WHO recommended 

that Pw vaccine should contain both serotypes [54]. It was reported that serotype Fim2 strains 

have the capability of causing a more severe disease than serotype Fim3 strains [55], which 

however was not confirmed by our results Paper V, [56]. 

6.4.5 Other virulence factors 
Other virulence factors (Table 6.1) of a protein nature not yet included in Pa vaccines are 

adenylate cyclase (ACT), Bordetella resistance to killing frame A (BrkA), tracheal 
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colonisation factor (TCF), tracheal cytotoxin (TCT) and dermonecrotic toxin (DNT). The 

outer membranes of B. pertussis also contain endotoxin which, like LPS from other Gram-

negative bacteria, is pyrogenic, mitogenic, toxic and can induce tumour necrosis factor (TNF) 

production in macrophages [57]. 

6.5 BORDETELLA PERTUSSIS VACCINES  
As soon as B. pertussis was isolated in 1906, attempts were made to create vaccines for 

prevention of pertussis disease [58, 59]. The first vaccines were prepared as killed or later also 

extracted and detoxified fractionated organisms [60]. 

6.5.1 Whole-cell pertussis vaccines (Pw) 
Whole-cell pertussis vaccines (Pw) are suspensions of killed B. pertussis organisms. The 

bacteria are grown in liquid or solid media and after harvesting the bacteria are inactivated by 

any of several methods (usually by formalin). Pertussis vaccine is almost always administered 

to children in combination with diphtheria and tetanus toxoid (DTP). This combination is 

often adsorbed onto an aluminium salt as adjuvant, which results in greater immunogenicity 

[61]. 

General vaccination against B. pertussis was introduced in the United States, Western 

European countries and other developed countries in the late 1940s and early 1950s using Pw. 

The incidence of pertussis declined, and morbidity and mortality from the disease was 

reduced significantly [10]. Pw is produced locally in many regions of the world, and are 

generally inexpensive but varying in efficacy. 

Side effects have been minor local reactions consisting of redness, swelling and pain at the 

site of injection, occurring in about half of DTPw recipients [62]. In the same study it was 

shown that minor systemic reactions are approximately five times higher after DTPw than 

after DT. Febrile seizures, and a shock-like state termed a hypotonic-hyporesponsive episode 

are also associated with Pa vaccines [5, 62, 63]. For Pw vaccines there has also been concern 

about severe neurological complication and death, but today there is conclusive evidence 

against a causal relationship [64]. 

6.5.2 Acellular pertussis vaccines (Pa) 
The common occurrence of minor adverse side effects together with severe adverse reactions 

and in particular the public attention over alleged complications stimulated the search for 

effective and less reactogenic pertussis vaccines. The first Pa vaccines were licensed in Japan 

[65] and consist of purified and detoxified pertussis toxin and FHA. Pa vaccines were less 
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reactogenic because of the removal of endotoxin [66]. The encouraging results of the 

Japanese experience stimulated efforts in other industrialised nations to evaluate the Japanese 

Pa further and to develop other Pa vaccines. 

To date many Pa vaccines have been evaluated in multiple randomised trials, case-control 

studies and household contact studies [5, 67-71]. These vaccines are different in their numbers 

of components, sources, quantities of each component, methods of purification, methods of 

toxin inactivation, and incorporated adjuvants. 

Generally Pa vaccines are assigned by the number of consisting components as follows: 

• One-component vaccine:  PT 

• Two-component vaccine:  PT and FHA 

• Three-component vaccine:  PT, FHA, and PRN 

• Five-component vaccine:  PT, FHA, PRN, Fim2 and Fim3 

Placebo-controlled clinical trials of the efficacy of Pa vaccines, using the WHO-defined trial 

criteria are elegantly summarised by Edwards and Decker [10]. Those vaccines with 3 or 

more components consisting of PT, FHA and PRN are considered to be more effective than 

one- or two- component Pa vaccines that contain PT only or both PT and FHA [5, 63, 72]. 

Fimbria induce agglutinating antibodies, which have been correlated with protection against 

pertussis after vaccination with pertussis whole-cell (Pw) vaccines [73] and also after Pa 

vaccination [48, 49] as ELISA anti-Fim antibodies. Two papers [48, 49] dealing with 

antibodies and protection concluded that high level of antibody to pertactin, fimbriae or PT 

was associated with lower likelihood of acquiring of pertussis. The strongest correlation was 

with pertactin/fimbria and the weakest with PT. There was no correlation between the 

presence of anti-FHA antibodies and clinical protection [48]. Other data suggested a 

synergistic relationship between PT and PRN [74]. 

Various studies of safety and immunogenicity have found that Pa-containing vaccines are 

associated with significantly lower rates and severity of adverse reactions than Pw-containing 

vaccines [5, 75-78]. DTPa vaccines are replacing Pw products in most industrialised nations, 

but DTPw will remain the most widely used globally for some time to come. 

6.5.3 Next generation of vaccines 
There are many research groups worldwide that make efforts to provide an improved vaccine 

in order to prevent mild infection and transmission [79]. One of the alternatives is the use of 

attenuated strains suitable for intranasal administration [80]. Such vaccines do not cause side 

effects like those of vaccination by injection, and contain extra numbers of antigens that may 
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stimulate the immune system more effectively to enhance a wider protection. Other 

alternatives are to include more components in the Pa. Such candidate components could be 

detoxified BrkA [81], and ACT [82]. There are also studies on the effects of improved 

components in currently used vaccines [79]. 

6.6 EPIDEMIOLOGY 
Worldwide, B. pertussis causes some 50 million cases of pertussis, 90% of which occur in 

developing countries, and an estimated 300,000 fatalities each year [83, 84]. Still, vaccination 

against B. pertussis has been effective. Studies on vaccine effectiveness have shown that the 

total incidence rates, the mortality and the morbidity have decreased dramatically since 

universal mass vaccination was introduced [59, 85, 86]. 

Despite general vaccination programs, however, pertussis has remained an endemic disease 

with incidence peaks occurring every two to five years [59, 85], even in countries with high 

vaccination coverage [59, 87-91]. Moreover an increase of incidences has been reported [6, 

88-92]. Many explanations for the endemicity and resurgence of pertussis have been 

suggested, e.g.:  

1) Vaccines that are not fully effective [5, 11, 68]. 

2) B. pertussis is one of the most contagious directly transmitted human pathogens. The basic 

reproductive ratio (the average number of secondary infections directly resulting from one 

infection in a completely susceptible population) of whooping cough is ~15 [93]. 

3) Waning immunity after vaccination and natural infection. During the last 20 years a 

number of serological studies have shown that B. pertussis infections, mostly atypical, in 

adolescents and adults are very common [1, 8, 94-96]. In many countries these age groups are 

the main sources of infection for infants. 

4) Genetic changes in B. pertussis specifically in the genes responsible for expressing the 

components of Pa vaccines [50, 92, 97-105]. 

5) Improved surveillance methods. 

6) Laboratory diagnosis of B pertussis infection has improved in sensitivity by the use of PCR 

[106] and single-serum serology [107, 108]. 

Evidently the problem is complex and no single factor gives the whole truth. Waning 

immunity probably involves both quantitative and qualitative aspects of immunity. Although 

genetic variations of B. pertussis occur, the pertussis incidences decrease after vaccination 

even when there is a discrepancy between circulating strains and vaccine strains. However the 

microbes are still in circulation, hypothetically due to the emergence of new bacterial variants 
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adapted to the population immunity. Consequently present vaccines are not fully effective [8, 

94, 109]. It may be that the major effect of vaccination today is on clinical features and not on 

circulation of bacteria. With available vaccines this situation will probably last. For better 

understanding of the dynamics of epidemiology the B. pertussis population should be 

continuously followed. 

 

Figure 6.1 Pertussis incidence in Sweden 1911-2005. Sources are reports from general 

practioners (GP) and laboratories [95, 110]. Adapted from reference [109]. 
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6.7 PERTUSSIS INCIDENCE AND VACCINATION PROGRAMS IN SWEDEN 
The overall incidence of reported pertussis in Sweden is demonstrated in Figures 6.1 and 9.1. 

A summary of different vaccines used during different vaccination programs in Sweden is 

shown in Table 1 of Paper II. A DTPw was introduced in 1953 and used with high vaccine 

coverage until 1979, when it was withdrawn due to concerns about safety and efficacy. 

Thereafter, there was a 17-year hiatus in vaccination against pertussis in the national 

childhood immunisation schedule until 1996. From then and until 2005, children were 

vaccinated at 3, 5 and 12 months without a later booster. A pre-school booster will from 2007 

be given to children born from 2002 [111], and children born 1995-2001, i.e. those who 

already have passed the pre-school age are boosted at 10 years of age [112]. A school-leaving 

booster will also be introduced, starting when the 2002 birth cohort reaches this age [111]. 

 18 



6.7.1 Whole-cell vaccine period (Pw-period) 1953-1979 
The Pw introduced in Sweden in 1953 [11] was locally produced by SBL Vaccine AB® in 

Solna, Sweden and based on strain 44122. Documentation about the origin of this strain is not 

available but personal contacts (M Tiru) indicate that it was imported from the United States. 

This strain shows homology by PFGE typing and ptxA gene sequencing to pertussis strain 

18323 (NCTC 10739), one of the most studied laboratory strains. 

The vaccination coverage during this period increased successively over decades to a level of 

at least 90%. The incidence of pertussis decreased gradually to its lowest level in 1965-1975 

with peaks occurring every two to five years. When there was great concern about “vaccine 

encephalopathy” the vaccine manufacturer tried to make it “safer” and the vaccine production 

process was changed. By 1979, however, it was found to be ineffective and then withdrawn 

[11]. At that time the endemic level of pertussis had already increased during the last three 

years (Figure 6.1). An interesting observation is that the PFGE profile of the vaccine strain 

varied over time (Paper I). 

6.7.2 Period without general vaccination, 1979-1996 
Seventeen years without a pertussis component in the childhood immunisation schedule was 

initiated after a low endemic level of pertussis for three years. Thereafter the incidence 

gradually increased and there were two outbreaks, one in 1983 and one in 1985 of more than 

100/100,000 PY [11]. This indicated that pertussis again had become endemic in Sweden. 

During this 17-year vaccine-free period three randomised vaccine trials with a total of more 

than 90,000 participants were conducted (See also Table 1 in Paper II): 

6.7.2.1 The Biken trial 1986-1988 

A placebo-controlled trial of pertussis vaccine that compared one mono-component detoxified 

PT vaccine with a two-component vaccine containing detoxified PT and FHA [113]. A mono-

component acellular pertussis toxoid was also tested in a Gothenburg placebo-controlled trial 

in 1991-1994 [69]. 

6.7.2.2 Stockholm trial I, 1992-1995 

A placebo-controlled trial of a two-component DTPa vaccine, a five-component DTPa 

vaccine, and a DTPw vaccine licensed in the United States. The placebo group received only 

diphtheria-tetanus (DT) vaccine [5]. 

6.7.2.3 Stockholm trial II, 1993-1996 

A randomised controlled trial of two-component DTPa vaccine, three-component DTPa 

vaccine, and five-component DTPa vaccine, compared with DTPw [63]. 
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Taken together, the trial results showed that the Pa vaccines efficacy increased with the 

number of vaccine components. Follow up results indicate an increased incidence among 

seven- to eight-year-olds suggesting a booster dose of acellular pertussis vaccine from five to 

seven years of age [94]. 

6.7.3 Acellular vaccination period (Pa-period) 1996-2004 
In 1996 general vaccination using DTPa-vaccines was reintroduced in the national childhood 

immunisation schedule after the vaccine trials. Since this only meant switching from 

diphtheria-tetanus vaccine (DT) to DTPa, coverage rapidly reached more than 98% [85]. 

During 1996 and 1997 a three-component DTPa containing PT, FHA and pertactin (Infanrix® 

from GlaxoSmithKline) was used for vaccination of newborn infants in the whole country 

except for Gothenburg. From 1998 a two-component Pa (PT, FHA) pentavalent vaccine 

(DTPa-IPV+Hib) was licensed (Pentavac® Sanofi Pasteur MSD) and replaced the three-

component vaccines in a number of counties. Since 2000 the pentavalent vaccines Infanrix®-

Polio+Hib and Pentavac® have been purchased and used by all counties. The use of different 

vaccines during the study period varied with birth cohort and geographical area. The five-

component vaccine used in the vaccine trials was not used in the general vaccination program.  

Since the introduction of Pa vaccination at 3, 5 and 12 months of age during 1996, there has 

been a decline in pertussis incidence in the population. The overall incidence of notified 

culture- and PCR- confirmed cases in the whole country dropped from 113-150 per 100,000 

in 1992-1995 to 11-16 per 100,000 in 2001-2004, i.e. to the level of the 60s when the Swedish 

whole-cell vaccine program was still effective, eight years after the introduction of DTPa-

containing vaccines [109]. In the cohorts followed by the intensified surveillance program 

[85, 95] the overall annual incidence of culture-confirmed B. pertussis in 1998 to 2005 was, 

respectively, 17, 25, 26, 11, 12.9, 6.7, 15.5 and 12.0 per 100,000 person years [95]. 

6.8 INTENSIFIED PERTUSSIS SURVEILLANCE IN SWEDEN 
A clinical-epidemiological and laboratory surveillance program of culture- or PCR-confirmed 

cases in children born January 1996 or later in Sweden, except for the Gothenburg area, was 

initiated in October 1997, one year after the Pa introduction [85]. The Gothenburg area, which 

accounts for approximately 10% of the Swedish population, was excluded from the follow-up 

until January 2003 because of an ongoing mass vaccination project, studying the effects of free 

catch-up vaccination to children under 10 years of age [114]. All episodes were identified via 

the national register of reports according to the Communicable Disease Act 1997. 
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6.8.1 Clinical follow-up 
The surveillance project used the regular passive surveillance system to identify cases 

confirmed by culture (later also PCR) in children born from January 1996, with ascertainment 

of vaccination status and information on clinical course, and also embedded follow-up of 

previous trial cohorts in this enhanced follow-up [5, 63, 85]. The main aim of the clinical part is 

to follow the effectiveness of the new pertussis vaccination program over time and to study the 

need for any later booster dose. Study nurses collected clinical as well as vaccination data from 

the culture- or PCR-confirmed cases through telephone contacts with households. All data and 

the unique person identifier were entered in a “clinical” database. 

6.8.2 Laboratory surveillance program 
In the laboratory part of the surveillance program, run in parallel until September 2005, there 

was an agreement with all Swedish laboratories for clinical bacteriology to send isolates of B. 

pertussis from the children born in 1992 or later with any kind of culture-confirmed pertussis. 

The isolates were characterised by PFGE, fimbrial serotype and primarily genotyping of 

virulence factors. 

The objective of the laboratory part of the program was to collect information on B. pertussis 

isolates and to study the bacterial population during periods with different vaccination 

programs. Therefore in addition to the isolates collected during the Pa vaccination period 

available historical isolates from 1970s, and isolates collected during the Biken trial and 

Stockholm trial I [5, 63] were characterised. All characterisation results and the unique person 

identifier were entered in a “laboratory” database.  

6.9 PERTUSSIS STRAIN CHARACTERISATION IN EUROPE 
A European research program for improved pertussis strain characterisation and surveillance, 

EUpertstrain I, was initiated in 2000, supported by the European Commission. The objective 

of this study was to develop and maintain a laboratory-based surveillance program for 

pertussis in European countries. Initially the members participating were the pertussis 

reference groups from Sweden, Finland, Germany, France and The Netherlands. 

One specific aim of this program was to investigate strains circulating in these countries with 

different vaccination programs and to elucidate development of bacterial adaptation to the 

population immunity. The collaboration, based on analysis of 102 strains (20 strains from 

each country), collected during 1999-2000, was successful and the results of the 

investigations were published separately [115, 116]. 
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In a next step, EUpertstrain II, supported by GlaxoSmithKline and Aventis Pasteur, three 

additional countries, UK, Poland and Denmark joined the program. A collection of 

approximately 160 lyophilised strains circulating during the year 2004 were collected and 

distributed among the partners. 

6.10 POLYMORPHISM IN BORDETELLA PERTUSSIS ANTIGENS 
A 1998 report suggested that widespread vaccination might have influenced the evolution of 

B. pertussis population [50]. Mooi and colleagues surveyed a large collection of Dutch B. 

pertussis isolates and found a decrease in the predominance of “vaccine” pertactin and 

pertussis toxin S1 subunit (ptxA) allele, and an increase in the predominance of “nonvaccine” 

alleles, in strains collected after introduction of Pw to The Netherlands during the 1950s. The 

conclusion was that a shift of antigenic properties of B. pertussis virulence factors provided 

essential background for the susceptibility of the human population to infection with B. 

pertussis. Later, intensive investigations have been made to explore the antigen polymorphism 

in B. pertussis [50, 92, 97-104, 117]. 

The components of current Pa or potential virulence markers for B. pertussis were the subjects 

of more investigation in order to find additional and important polymorphic factors in 

circulating and historical bacterial populations [98, 118, 119]. These markers included:  

• Pertactin (prn): 10 alleles 

•  Pertussis toxin subunits S1 (ptxA): 6 alleles 

•  Toxin subunits S3 (ptxC): 2 alleles 

•  Fimbrial antigen 2 (fim2): 2 alleles 

•  Fimbrial antigen 3 (fim3): 4 alleles 

•  Tracheal colonisation factor (tcfA): 6 alleles 

•  Bordetella autotransporter protein C (bapC): 2 alleles 

•  Outer-membrane protein Q (ompQ): 2 alleles 

•  Virulence-activated gene 8 (vag8): 2 alleles 

•  Adenylate cyclase toxin (cyaA): 2 alleles. 

Studies from many countries have shown that circulating variants of B. pertussis are 

essentially different from those strains used for production of vaccines [50, 91, 97, 99, 105, 

120]. On the other hand there are also examples of circulating strains that share properties 

with vaccine strains [98, 105]. 
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6.11 EPIDEMIOLOGICAL TYPING METHODS 
To determine the relatedness of bacteria or trace the source in outbreaks, many different 

typing methods have been developed. Serotyping is the oldest method used for typing of B. 

pertussis and was developed at a time when the number of methods available was limited 

[121, 122]. One of the first extensive serotyping studies was performed in the United 

Kingdom [53]. In this study it was shown that serotype Fim3 B. pertussis replaced the 

serotype Fim2 when the vaccine strain was serotype Fim2. 

Various techniques have been used to achieve a DNA-based typing of B. pertussis, including 

PFGE [123-127], IS1002-based fingerprinting [50, 128], MLST [119], VNTR [115, 129] and 

MLVA [129]. PFGE is at present the most appropriate method for DNA fingerprinting of B. 

pertussis, since it has greater discriminatory power, but it is laborious to perform and there are 

problems with comparability between laboratories. IS1002-based fingerprinting has been used 

extensively in epidemiological studies in The Netherlands [103, 128, 130]. This method is 

based on RFLP typing of the B. pertussis and parapertussis specific insertion sequences. The 

DNA genome is digested by SmaI restriction enzyme. The obtained DNA fragments are then 

resolved on an agarose gel and transferred to a membrane through a process called Western 

blot. The membrane is hybridised with an IS1002 probe using a Chemiluminescence Gene 

Detection System. 

Sequencing and determination of different alleles of ptxA and prn genes have been widely 

used for epidemiological typing of B. pertussis [50, 97, 98, 102, 105, 117, 131-136]. Early 

studies showed three different types of prn and four subtypes of ptxA. 

The number of genes was later extended to include tcfA, fim3, ptxC, ptxP and other genes for 

a broader view on the changes in the B. pertussis genome [118, 119, 137]. During the last 

years DNA sequencing has developed dramatically in regard to capacity, availability, and 

economy, but the number of nucleotides that have been determined is still very small in 

comparison with the whole genome of B. pertussis, which is about 4.086 kb. In future whole 

genome DNA sequencing may be the most accurate, reproducible and portable method. 

Other typing methods implemented on B. pertussis are pyrosequencing [138], real-time PCR, 

SNP [118], and ribotyping [139, 140]. 

By pyrosequencing determination of short nucleotide sequences is performed in real time by 

measuring the byproduct of reaction, the pyrophosphate. The conventional PCR and real-time 

PCR have been shown to be useful for typing the prn gene [136, 141]. 

In general, sequencing analysis applies to genes with specified relevance such as virulence 

markers and highlight specific changes, while PFGE typing provides a broader change in the 
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genome but not necessarily relevant perspective of the genes. The disadvantage of genotyping 

is that it is limited to a small number of known genes, which cannot reflect all the events in 

the genome. 

For this reason, Schouls et al. have recently developed a multiple-locus variable-number 

tandem repeat analysis (MLVA) typing system for B. pertussis. By combining the MLVA 

profile with the allelic profile based on multiple-antigen sequence typing MAST, they were 

able to further differentiate strains [129]. In this method allelic variation of five VNTR 

positions in different loci were combined with polymorphic variation in the genes ptxS1, 

ptxS3, and tcfA to categorise isolates and visualise by constructing a minimum spanning tree. 

Multi-locus gene typing has at least two significant advantages over PFGE; firstly, sequence 

data from different laboratories can easily be compared, and secondly, all the analysis can be 

performed without the need of live bacteria. This makes epidemiological typing possible by 

use of the PCR diagnostic material. 
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7 AIMS OF THE STUDY 
The primary aim of this study was to establish a reference method for epidemiological typing 

of Bordetella pertussis and to compare isolates geographically and over time. A secondary 

aim was to relate the obtained laboratory data to vaccination policy, vaccine effectiveness and 

clinical outcome of the disease. 

The specific aims were: 

I. To introduce and develop a reference system for PFGE, serotyping and genotyping. 

II. To study changes of properties of isolates over time and the relationship to the use or 

non-use of different pertussis vaccines. 

III. To identify incidence peaks of notified cases and to investigate if such peaks followed 

the appearance of novel PFGE profiles and other properties. 

IV. To collect information about major PFGE profiles spreading between countries. 

V. To study if there is any association between strain characteristics and clinical outcome 

of a pertussis episode. 
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8 MATERIALS AND DATABASES 

8.1 BORDETELLA PERTUSSIS ISOLATES 
A collection of more than 7000 B. pertussis isolates is available at SMI. These isolates have 

been collected during various periods of vaccination status and vaccine trials from the 1970s 

until 2006 and they constitute the base for investigation in this thesis. Suitable subgroups of 

the available isolates were selected to study each of the formulated specific aims. In this 

section the overall origin of the collection and the access to the material are described. 

8.1.1 Swedish clinical isolates 
In Sweden, isolates were regularly collected from 1970-1978. These isolates were included in 

an extensive serotyping study [142]. From this material there were 71 lyophilised isolates 

available. The only identification data available were from the vial label remarks, which 

included patient name, local laboratory origin, laboratory unique code and the serotype. We 

could not find any data about patient ages and the vaccination status. 

The second sub-collection of strains originated from the Biken vaccine trial during the 

vaccination-free period 1986-87 [113]. The strains were stored frozen at –70 °C according to 

the reference method [143]. Totally 74 isolates with detailed information about vaccination 

status, patient identifier and date of birth were available. 

The third sub-collection of B. pertussis isolates was from the Stockholm trial I study in 1992-

1995 [5] performed during the vaccination-free period. This collection contains more than 600 

isolates from participants in the four arms of the study. All isolates from the five-component 

Pa recipients (n=42) and a random subset, every third isolate, from the placebo arm (n=110) 

were analysed in this investigation. 

Since 1997, according to an agreement between all clinical bacteriology laboratories in 

Sweden except Gothenburg, B. pertussis from culture-positive pertussis in children born 1992 

and later were deposited at SMI. The isolates were stored frozen at –70 °C. This sub-

collection composes the main part and is well documented. 

We also obtained isolates collected in the Gothenburg area through Culture Collection 

University of Gothenburg (CCUG) after October 1997 to the end of 2000. Since 2001 we 

have received the isolates directly from the laboratory of clinical bacteriology at the 

Sahlgrenska Hospital in Gothenburg.
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8.1.2 Reference materials 
During the presents studies we collected B. pertussis reference strains and concurrently 

offered well-documented clinical isolates and also well-known and well-documented 

reference strains to other laboratories. The reference strains we received from collaborators in 

Europe and USA are listed in Table 8.1. 

 

Table 8.1 

# Strain Date of collection Origin Reference method Reference 

1 18323 1947 USA PFGE [143] 

2 Tohama I <1953 Japan PFGE [133, 143] 

3 B 134 <1950 USA PFGE [133, 143] 

4 B-902 1996 Sweden PFGE [133, 143] 

5 Fr. 287 1996 France PFGE [133, 143] 

6 ApV110 ND ND PFGE [143] 

7 ApV1561 ND ND PFGE [143] 

8 Fr56 ND France PFGE [143] 

9 FDA460 ND USA Serotyping [143] 

10 A639 ND USA PFGE [144] 

11 A560 ND USA PFGE [144] 

ND= Data not available 

 

Other strains offered as reference strains after typing and publication are of two types. The 

first group is a set-up of 35 reference strains for PFGE methodology (Table 2, Paper I). These 

strains were analysed twice by means of PFGE, before deposition at CCUG and after 

lyophilisation as a control of identity. 

The second group consists of eight clinical strains which we proposed as reference strains for 

serotyping and gave to Dr Xing, NIBC, who coordinates the production of anti-fimbria 

monoclonals on behalf of WHO (personal communication). These strains were used as a 

standard panel between eight European clinical and research laboratories for assessment of 

the anti-Fim2 and anti-Fim3 monoclonals, as well as for evaluation of an ELISA Fim typing 

system [145]. 
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8.1.3 EUpertstrains 
Collection of B. pertussis isolates was one of the milestones of the EUpertstrain collaboration. 

According to the agreement between the partners about 20 isolates from 0-4 year-old 

vaccinated and unvaccinated children were sent to SMI from each partner. During 

EUpertstrain I 102 isolates, circulating during 1999 or 2000, were collected as shown in Table 

9.1 (see also section 9.4). For EUpertstrain II 154 isolates circulating during the year 2004 

were collected. We lyophilised and redistributed all isolates to each partner. The EUpertstrain 

I collection has been well analysed and the results are presented in two publications [115, 

116]. These isolates were retested according to the Swedish PFGE reference method [146] 

and briefly discussed in Paper III. The EUpertstrain II collection was also analysed by means 

of PFGE and fimbrial serotyping according our reference system in Sweden and the results 

were reported to the partners.

8.2 DATABASES 

8.2.1 Clinical database 
Pertussis has been a notifiable disease since January 1997, according to the Communicable 

Disease Act. Culture or PCR-confirmed and clinically notified cases of pertussis are reported 

to the SMI in the nationwide computer-linked reporting system, SMI-net. During the seven-

year period of intensified surveillance from October 1997 to September 2004, there were 

1293 cases of culture or PCR-confirmed pertussis among children born 1996 or later [95]. All 

data were stored in a QUEST® database providing a platform for statistical and 

epidemiological calculation [147]. A study nurse documented the clinical course by telephone 

using the same procedures as were used during the nationwide trial in 1993-1996, the 

Stockholm trial II [63]. The form for structured questions for telephone interviews included 

vaccination history, duration of spasmodic cough, total duration of cough, length of hospital 

admission, presence of complications and medication. 

8.2.2  Laboratory database 
To maintain all data about the isolates and the results from laboratory analyses a local 

database was established. This database was based on Access® software. Patient 

characteristics in the database were extracted from the physician’s referral that followed the 

isolate and included personal identifier, sampling date, origin, age and the laboratory unique 

code. The results of serotyping, PFGE and genotyping analyses were added to the database 

manually after every laboratory report. Information concerning patients, i.e. the vaccination 
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status, onset of the cough, number and date of vaccination, and the vaccine type was later 

updated monthly and taken from the clinical database. 

During the seven-year period of intensified surveillance from October 1997 to September 

2004 there were approximately 5000 isolates of culture-confirmed pertussis among children 

born 1992 or later and 900 isolates from children born 1996 or later. 
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9 RESULTS AND DISCUSSION 

9.1 ESTABLISHMENT AND DEVELOPMENT OF THE REFERENCE METHODS 
Fingerprinting by means of PFGE was the basic method applied for characterisation of B. 

pertussis. Fimbrial serotyping and prn-genotyping based on nucleotide sequences were also 

performed for the total number of isolates being studied. To identify the ptxA-gene, however, 

the number of analysed isolates was reduced due to the uniform finding of ptxA1. 

Additionally, in Paper III the genes ptxC, tcfA and fim3 were included for determination of 

the different alleles. All these methods were adapted from the reference methodology 

recommended by Mooi et al [143] or elsewhere [118, 119, 148]. To make the methods more 

efficient we modified most of the procedures. Before introduction, each modification was 

verified against the original method to secure comparability of results. In this section the 

background and modifications of methods will be discussed. 

9.1.1 PFGE analysis  
PFGE involves embedding organisms in agarose, lysing the organisms, and digesting the 

chromosomal DNA with restriction endonucleases that cleave infrequently in the gel [149, 

150]. Slices of agarose containing the chromosomal DNA fragments are inserted into the 

wells of an agarose gel, and the fragments are resolved into a pattern of discrete bands in the 

gel by an apparatus that switches the direction of current in a predetermined manner. The 

DNA restriction patterns of the isolates are then compared with one another to determine their 

relatedness. 

PFGE typing has produced stable and highly reproducible profiles of B. pertussis isolates in 

our laboratory [146] and has sensitively discriminated epidemiologically distinct isolates. This 

method has been frequently used worldwide to provide laboratory data for epidemiological 

characterisation and tracing of B. pertussis isolates [92, 97, 100, 102, 104, 105, 116, 117, 124, 

125, 127, 131, 133, 134, 151-153]. 

9.1.1.1 Background 

The first application of PFGE on B. pertussis was done to construct the map of B. pertussis 

genome in 1993 [154]. The year after that, Khattak et al. used this method and correctly 

showed that the laboratory strain 18323 was different from the circulating strains and hence is 

not suitable to use as a vaccine strain for studies on a mouse model [125]. Syedabubakar 
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performed one of the first extensive applications of PFGE on epidemiological typing of B. 

pertussis [124]. 

Beall et al., 1995, applied the PFGE method to subtype B. pertussis and found that XbaI 

enzyme could differ between the different isolates with reproducibility and a significant 

stability after subculturing [151]. In the same year Tenover et al. defined the relatedness of the 

isolates to an outbreak, based on differences in the number of bands or changing of 

corresponded bands [149]. According to this definition isolates are designated as genetically 

indistinguishable if their restriction patterns have the same numbers of bands and the 

corresponding bands are of the same apparent size. Isolates with one genetic event, i.e. a point 

mutation or an insertion or deletion of DNA, two to three band differences, were defined as 

related in the same outbreak. Two genetic events, four to six band differences, were 

associated with possible related isolates. Three genetic events, seven or more band 

differences, were defined as unrelated. 

Furthermore, in 2000, a group of experts in the field established a two-enzyme PFGE method 

among molecular typing techniques as a reference method [143]. This PFGE protocol yielded 

a very high-resolution band pattern in the molecular size range between 23 and approximately 

500 kb. The reference strains were defined and made available. Weber et al. applied this 

protocol to investigating approximately 900 French B. pertussis isolates. The study showed 

that the isolates classified in five clusters, Groups I-V, which were associated with time 

period and prn-type. Two of these clusters belonged to historical materials and were not 

represented in circulating strains at all. The other three clusters represented the circulating 

isolates with a clear trend of shifts from Group III and V to Group IV [104]. The main 

concept of this kind of clustering was, unlike the previous studies, that the focus was on 

groups/clusters defined by the software program. Thus the discriminatory power of PFGE was 

ignored. 

As a partner of EUpertstrain in 2003, we participated in a group of laboratory workers to 

harmonise the PFGE protocol, interpretation and definition of band patterns using 

BioNumerics® software. We applied the same PFGE protocol with some modifications aimed 

to make it more effective and safe to study an extensive collection of isolates. 

9.1.1.2 Modification of the PFGE-method 

PFGE analysis is time-consuming and has a very low output. With the best optimisation, 

every gel holds only 20 lanes, of which three DNA standard markers and one external control 

should be included. Processing a gel requires laboratory personnel to work a minimum of five 

days from the making of bacterial suspensions to the digitalised band patterns are obtained. 
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The technique requires a careful standardisation and harmonisation before a direct comparison 

of the results of interlaboratory studies can be made. 

The PFGE modifications were performed on two levels, the first being the laboratory 

processing and second the interpreting of the result. The ambition was to achieve high 

resolution banding patterns and to avoid assessing as much as possible. This was made 

possible by standardising the method thoroughly in every detail. 

Our experience showed that standardising the preparation of DNA plugs and gel-setting play 

important roles in the quality of the result. By an extra rinsing of the plugs in 1 X TE for one 

hour at 55 °C, we could also avoid using PMSF, a carcinogenic agent that was used to 

terminate the proteinase K prior to restriction digestion of the DNA. Due to the stability and 

high resolution of our PFGE method we mainly made an effort to identify the profiles rather 

than the clusters/groups. BioNumerics® software was used for dendrogram analysis. The use 

of only one enzyme instead of two and the modification of band pattern interpretation will be 

discussed in section 9.1.4 (See also Paper I). 

9.1.2 Genotyping 
Genetic diversity amongst Bordetella species is restricted when compared with other 

pathogenic bacteria species such as E. coli, N. gonorrhoea and M. tuberculosis. Variation in 

the B. pertussis prn and ptxA was first observed by Mooi et al. in 1998 among Dutch isolates 

[50]. Thereafter genotyping of the bacteria was studied in Finland and Italy, exclusively for 

these two genes because other loci with polymorphism were not known. In the standard 

methodology for epidemiological typing of B. pertussis published in 2000 [143], genotyping 

of the prn and ptxA were included in the recommendation. 

Van Loo et al. and Packard et al. performed intensive studies on detection of polymorphism in 

other genes of B. pertussis [118, 130]. As mentioned in Section 6.10 the polymorphism in 

potential virulence markers showed allelic variation in circulating as well as historical 

isolates. 

We performed genotyping of the isolates by determination of prn and ptxA nucleotide 

sequences in Papers I, II and IV. In Paper III the additional genes ptxC, tcfA and fim3 were 

included. 

9.1.2.1  Modification of the amplification of the prn and ptxA-genes  

Amplification of the prn and ptxA genes was needed prior to identification of the nucleotide 

sequences. The primers and the PCR method were mainly adapted from the recommended 

typing methodology [143] and were also described in detail in Paper III. By modifying the 
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prn-primers we were able to develop a duplex PCR to amplify the prn and ptxA 

simultaneously. The amplicons could be purified and sequenced on both strands without any 

problem. In this way we could save resources and time. 

For sequencing of the prn and ptxA amplicons we followed the manufacturer’s instructions 

using the Big Dye terminator cycle sequencing kit (Applied Biosystems, USA). 

In a collaboratory study with Uppsala University Hospital and Pyrosequencing AB® we 

compared the Sanger sequence method and pyrosequencing for typing the ptxA gene [138]. 

We performed genotyping of approximately 600 samples after validation of the 

pyrosequencing technique. This method proved to be much faster with the available 

apparatus. 

9.1.3 Serotyping 
Distinction is made between the Fim2 and Fim3 serotypes. The antigen of serotype 1 is of 

lipooligosaccharide nature and does not vary in different B. pertussis isolates. Serotypes 2 and 

3 epitopes are associated with fimbria, designated serotype 2 and serotype 3 fimbria (Fim2 

and Fim3). B. pertussis harbours the genes coding for both Fim2 and Fim3, and isolates may 

express Fim2 or Fim3, or both on their surface. 

The fimbrial serotype of an isolate is not a stable property and may change in serial sub-

culturing in a very low frequency due to phase variation in the fimbrial promoter [52, 155]. 

Two agglutination methods are used for serotyping: slide agglutination and micro-

agglutination. The slide agglutination assay is very rapid but with lower reproducibility 

compared to the micro-agglutination assay. Differences in serotyping methodology may result 

in deviation of results between laboratories [155]. 

We used a standardised micro-agglutination assay [143] through the whole project. 

To avoid misinterpretation of agglutination assay results, reading was performed blindly by 

two laboratory workers. The monoclonal antibodies used in these studies were prepared at the 

Bordetella unit at Institut Pasteur, Paris, France, and kindly provided by Dr N. Guiso. 

9.1.3.1 Modification of the method for serotyping 

According to the recommended serotyping method a microplate agglutination assay with 

inoculates of 1 and 0.5 OD650 should be used. We observed that non-agglutinating bacteria 

sometimes precipitated with risk for false positive results. Therefore the assays were done in 

one 0.8 OD650 dilution and the results were found to be easier to read and more repeatable. 

The recommended positive control FDA460, expressing Fim2&3 often showed a less clear 

agglutination than other positive test samples. Therefore in addition to the recommended 
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reference strain, two Swedish clinical strains, one Fim2 and one Fim3, were examined in each 

assay. These isolates, designated as P25/98 and P611/98, showed very clear reactions with the 

monoclonal anti-Fim2 and anti-Fim3 antibodies and could also be used for the control of 

prepared sera. 

The important modification concerned the optimisation of temperature and the time for 

incubation. We found that incubation at 35 ºC for about 48 hours yielded the clearest contrast 

between agglutination and non-agglutination. 

9.1.3.2 Serotyping of B. pertussis isolates by an Indirect Whole-Cell ELISA method 

Due to spontaneous agglutination in the phosphate-buffered saline control it was occasionally 

difficult to determine the correct serotype. Isolates with this property were determined as not 

typeable (NT). 

In a collaborative study we compared the micro-agglutination assay as a standard method with 

an indirect whole cell ELISA method [145]. Sixty-one Swedish isolates were tested blindly in 

our laboratory and that of our Canadian collaborator. A concordant result was achieved in 60 

of 61 isolates. Advantages of the indirect whole-cell ELISA were objectivity, reproducibility 

and the use of very small amounts of antibody. A disadvantage was that the ELISA method 

was rather time-consuming. Separately we subjected some NT isolates and could clearly 

determine them as either Fim2 or Fim3. 

9.1.4 Reference system for characterisation of Bordetella pertussis 

9.1.4.1 Background 

Beall et al. in 1995, using three endonucleases XbaI, DraI and SpeI, found that XbaI gave 

satisfactory results when pertussis epidemics were analysed [151]. The other two enzymes 

might give further resolution of slight differences but were not concluded to be of general 

need. Mooi et al. recommended two enzymes (XbaI and SpeI) with high-resolution 

electrophoresis conditions [143]. Hardwick et al. and Peppler et al. presented satisfactory 

discriminatory power based on patterns generated with the XbaI restriction enzyme only [100, 

102]. PFGE analysis with two enzymes is techniqually laborious especially when a large 

collection of isolates is subjected. As it did not provide additional data we decided to analyse 

the Swedish isolates using only XbaI enzyme in the PFGE-method recommended by Mooi et 

al. 

One other aspect to deal with was whether PFGE results should be presented in groups or as 

separate profiles. The available literature showed that almost all investigators focused on the 

separate profile/band pattern [92, 97, 100, 102, 105, 117, 127, 131, 134]. This type of analysis 
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provides more detailed data, a large number of profiles and certainly expresses the 

discriminatory power of the method useful for epidemiological studies. Weber et al. [104], on 

the other hand, presented their data as clusters and used this for a classification system. A 

disadvantage of this kind of analysis is that the grouping system is loosely defined and thus 

unstable and moreover that a broad range of different types of pertussis are classified as one 

type, tending to make the pertussis typing irrelevant. On the other hand grouping is a 

convenient tool for investigating the development and lineage of pertussis strains. 

We choose to focus on a profile-based method using clustering as a complement in specific 

situations. 

9.1.4.2 Results and discussion 

In Paper I we screened over 1810 isolates by PFGE, fimbrial serotyping and genotyping of 

prn and ptxA. We identified a total of 176 different PFGE profiles in this material, which 

were designated BpSR1, BpSR2, BpSR3, etc. Thirty-five profiles were represented by at least 

seven isolates, i.e. 85% of all the 1810 isolates (Paper I, Table 2). 

For comparison with the previously described grouping system using two enzymes [104, 

143], the six reference strains representing six distinct groups were included in a dendrogram. 

The Swedish clinical isolates became organised in four clusters at a level of 82% relatedness 

(Paper I, Figure 3). These clusters corresponded roughly with Groups III, IVα, IVß, and V. At 

this level there was also a close association of clusters and prn-types. The two clusters 

corresponding to I and II had a much lower similarity with a relatedness of 56% and 40%, 

respectively, and were not represented at all among the 176 profiles representing Swedish 

clinical isolates. Consequently we could confirm that in dendrogram analysis the PFGE 

profiles obtained by one enzyme behaved similarly to that observed in analysis with two 

enzymes. Later on this concept was reconfirmed in another study in the EUpertstrain project 

[116]. 

The clusters of strains could be related to a group of PFGE profiles characterised by a specific 

combination of prn and serotype, often with a prevalent PFGE profile. In cluster Group III 

prn1 variants were predominant in combination with various serotypes, most often Fim3. 

BpSR25 (n=30) was the most prevalent profile in this group, mainly recovered in the whole-

cell vaccine era. Fim2 and prn2 characterised the next cluster relating to Subgroup IVα. In 

this cluster the most prevalent profile was BpSR1 (n=214). The second most frequent profile 

during the Pw period, BpSR18 (Fim2/3/prn2), was also seen in this cluster. The cluster related 

to Subgroup IVß included isolates mainly with Fim3 and prn2 combinations. Here the most 

prevalent PFGE type was BpSR11 (n=455). There was also a 100% association between 
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serotype and prn type for BpSR5 (n=64) and BpSR9 (n=25). The cluster related to Group V 

was characterised by a combination of Fim3 and prn3. BpSR31 was the prevalent profile in 

this group characterised by all different serotypes and prn3 (n=71). 

Considering the high association between each PFGE profile and the prn genotype it is more 

likely that these clusters are true and that the profiles included in each cluster are genetically 

related. 

The fact that there is a prevalent PFGE profile in each cluster suggests a focus on these 

profiles. It also offers a rational basis for selecting single isolates for extended analysis. 

Referring PFGE profiles to a group [104] where no differences between separate profiles are 

defined decreases the value of PFGE typing method as a powerful instrument to distinguish 

between the B. pertussis strains. 

9.1.4.3 Reference materials 

A standardised procedure is not sufficient for inter- or intralaboratory comparability. 

Reference material is also needed. Therefore we initially suggest 35 most frequent profiles in 

our collection as reference material for PFGE traceability. These isolates have been deposited 

at CCUG (www.ccug.gu.se). To verify the reproducibility, PFGE was performed on the 

lyophilised vials received back from CCUG. All 35 PFGE profiles were found to be 100% 

identical with the reference material that had been sent to the culture collection bank. The 

collection can readily be extended with new interesting and significant isolates. 

9.2 CHANGES OF PROPERTIES OVER TIME AND THE RELATION TO 
DIFFERENT VACCINATION PROGRAMS 

In Paper II the aim was to study the changes in properties of circulating bacteria during three 

periods marked by different vaccination programs. In the first stage we compared the 

properties over time. Samples of circulating B. pertussis (n=601) during these periods were 

analysed by established methods for characterisation of PFGE profile, fimbrial serotype and 

ptxA and prn genotype [146]. This paper indicated that B. pertussis strains are indeed shifting 

components in respect to PFGE profile, fimbria serotypes and prn genotype. 

The bacteria population during the Pw period (1970 to 1979) was dominated by the profiles 

BpSR25, BpSR6 and BpSR18 among available isolates. The BpSR25 and BpSR6 profiles, 

characterised by Fim3 and prn1, disappeared and were replaced by BpSR1 showing Fim2 and 

prn2 as the predominant profile in the vaccine-free period. BpSR18, expressing different 

serotype and consistent prn2, disappeared more slowly and still represented 19 to 23% in the 

1986 - 1987 trial, to disappear in 1998. During the Pa period the BpSR16, a profile very close 
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to BpSR18 appeared from 1997. In the early Pa period (1997-1998) there was no predominant 

profile. A new profile, BpSR11, characterised by prn2 and Fim3 was first observed in 1997. 

Coincidently with an incidence peak in 1999 to 2000 it replaced BpSR1 as the predominant 

profile and has continued to be the most dominant profile during the seven-year Pa period 

from October 1997 through September 2004 [137, 156]. 

Fim3 was expressed by 70% of the isolates available from the last eight years of the Pw 

period, 1970-1977. Fim2 gradually replaced Fim3 during the vaccine-free period. This is in 

agreement with other isolates from the same period [142]. Among the isolates from 

unvaccinated children collected during 1992-1995, 88% (Paper II, Table 5), Fim2 showed up. 

This proportion decreased successively during the Pa period. At the end of the year 2004, 

Fim3 was significantly the most prevalent type expressed by 96% of the isolates. During the 

Pw period 68% of the circulating strains expressed prn1. Prn2 appeared as early as in the Pw 

period and gradually replaced prn1 up to a level of 98% in the year 2004 (Paper II, Figure 3). 

There were no changes in the ptxA during these periods. Type ptxA1 has been found in more 

than 99% of studied isolates. 

Our data suggested a direct relationship of shift in fimbria serotype to the vaccination policy. 

In the Pw and Pa periods, when vaccine against B. pertussis was included in the mass 

vaccination programme, Fim3 was the prevalent type. In the vaccination-free period Fim2 

dominated. Earlier studies have also shown a serotype Fim2 prevalence in unvaccinated 

populations, whereas serotype Fim3 or serotype Fim2&3 seem to be most common in 

vaccinated populations [53, 54]. It may be because Fim2 is a stronger antigen than Fim3 and 

that the Swedish whole-cell vaccine used up to 1979 was efficient against serotype Fim2 

strains. Fim2 may also imply a colonisation advantage, explaining their predominance during 

the period without vaccination. The exception to the dominance of Fim3 isolates in vaccinated 

populations was reported in Finland where Fim2 dominated in the 1980s and 1990s. Since 

1999, the Fim3 type has replaced Fim2 [105]. 

Adaptation of the circulating bacteria to immunity has been suggested as an explanation for 

the resurgence of pertussis [50, 157]. This conclusion is mainly based on the observation of 

antigenic divergence between the vaccine strain and the circulating strains. In the second 

stage we therefore compared the properties of vaccine strains and circulating strains with 

respect to PFGE, fimbrial serotype, prn and ptxA variants. Characteristics of the vaccine 

strains, 44122 (Pw vaccine, See Section 6.7.1) and Tohama I (Pa3 vaccine-strain), were 

compared with the circulating bacterial populations during the Pw and Pa periods, 

respectively. PFGE profiles of the vaccine strains showed only 42% and 56% relatedness, 
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respectively, and were not represented at all among profiles representing Swedish clinical 

isolates. Subcultures of the Pw vaccine strain 44122 expressed Fim2&3 or only Fim2, prn10 

and ptxA4. Fim2 appeared with low frequency among circulating strains during the Pw 

period. Strains expressing prn10 or ptxA4 have not been found among circulating strains at 

all. 

Tohama I expressed prn1 and ptxA2. Prn2 was already significantly prevalent, 67%, when Pa 

vaccines were introduced. This prevalence increased and included 96% of the isolates in 

2004. The correspondent figure for ptxA2 was only 1%, to be compared with 96% ptxA1. 

Thus whole-cell vaccine strains as well as the acellular vaccines contained other toxin types 

as compared to the circulating strains. So with emphasis on vaccine-related markers, the vast 

majority of circulating strains were of nonvaccine type. 

The nucleotide positions with variation observed in prn and ptxA have been shown to be 

involved in adherence to host tissues [158] and binding to the T-cell receptor [159], 

respectively. These observations suggest that B. pertussis bacteria might have gone through 

these changes to avoid the host immune system and that the new variants have benefited from 

adaptation. 

In the third stage comparison of vaccinated and unvaccinated children was made within the 

vaccine-free and the Pa period. Available isolates (Paper II, Table 5 & 6) were characterised 

and compared between the two groups with respect to fimbrial serotype and prn. There was a 

significant difference in the distribution of serotype between children vaccinated with Pw or 

DTPa5 vaccines and unvaccinated children within each material of the two periods (p<0.01), 

supporting an immunity-driven selection. A lower frequency of Fim2 was seen among the 

vaccinated children. 

The significantly lower proportion of Fim2 among vaccinated children supports the role of 

fimbria as virulence factors, and as an effect of vaccination, although the mechanism is not 

clear. The selection of Fim3 may indirectly be due to an effect of the immune system on the 

expression of genes or possibly gene combinations, which are not all known. A remarkable 

observation was that the change of serotype took place despite the fact that none of the used 

Pa vaccines contain fimbria. It is also of interest that Fim2 strains have not reappeared, at 

least in the cohorts studied, despite the fact that neither vaccines nor circulating strains induce 

a Fim2 antigenic pressure. 

Such a significant difference as that for serotypes was not found for the distribution of prn. 

The difference between circulating strains and the prn1 of the vaccine strain was already 

established. 
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9.3 IDENTIFICATION OF INCIDENCE PEAKS AND RELATION TO CHANGES IN 
BORDETELLA PERTUSSIS 

The aim of Paper III was to investigate if there is any association between the regular 

incidence peaks of pertussis [59, 87-91] and changes in B. pertussis properties. We identified 

incidence peaks of notified cases during a seven-year and three-month period with DTPa 

vaccination, 1 October 1997 through 2004. 

Data from the SMI notification system showed that pertussis incidence peaks occurred at the 

end of 1999 and the beginning of 2000, followed by two lower peaks in 2002 and 2004 (Paper 

III, Table 1 and Thesis Figure 9.1). We chose to investigate isolates from fully vaccinated 

children by means of previously described reference methods [143, 146]. The material was 

divided into two categories: a) the peak isolates i.e. those collected during five months 

surrounding the peak month in 1999-2000, 2002 and 2004 (n=195), and b) material before 

and after the peaks (n=289). Gothenburg was included in the analyses of strains representing 

the 2004 peak. However, the material was also analysed without Gothenburg to exclude bias 

due to differences in vaccine programs used in Gothenburg and other regions. The peak 

isolates were additionally characterised by means of genotyping of ptxC, tcfA and fim3, three 

genes related to virulence factors [119, 148]. To avoid bias in the representativeness of the 

isolates from vaccinated children, we compared them by means of PFGE with isolates 

(n=361) collected during the same peaks but from unvaccinated or partially vaccinated 

children. The isolates were selected from six counties where we had characterised all strains, 

from vaccinated as well as unvaccinated children. 

The PFGE profile BpSR11 was first observed in 1997 in Uddevalla, on the west coast of 

Sweden. From 1999, coinciding with Peak 1, it was widely spread in the Swedish B. pertussis 

population and predominated over the whole Pa period representing, respectively, 23, 28, and 

26% of the isolates in Peaks 1, 2 and 3. During this period two major PFGE profiles 

disappeared, namely BpSR16 and BpSR31. They represented 18% and 8%, respectively, of 

the isolates during Peak 1. In Peak 2 BpSR5 and in Peak 3 BpSR10 and BpSR13 dominated 

together with BpSR11. 
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Figure 9.1. The number of culture- and PCR-confirmed pertussis cases in Sweden per month 

from January 1986 to December 2005. The Pa vaccination period and three incidence peaks 

 

are indicated. Adapted from reference [109]. 
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low, this was more likely due to the disappearance of BpSR16 and 31. The Gothenburg area 

was represented by 37 isolates from vaccinated children during Peak 3. In this material 

BpSR10 and 12 contributed with 24% each, and BpSR11 with 22%. 

Sequence analyses of the four genes ptxC, prn, tcfA and fim3 of the p

significant changes in the distribution of alleles over time. There was a shift to ptxC2, prn2

tcfA2 and Fim3B at the expense of other alleles (Figure 9.2). PtxA1 was a constant finding 

throughout the period, and for this reason it was omitted from further statistical analysis. 

When we excluded the Gothenburg material the fim3 significance was changed from p >0

to p<0.1 but > 0.05. BpSR16, 18 and other profiles distinct from the new circulating profiles 

such as BpSR11, expressed allele fim3A. On the other hand allele fim3B was expressed by 

BpSR11 and closely related profiles such as BpSR5 and BpSR12. All these profiles have be

circulating only in the years since 1997. However, it is likely that an increase of profiles with 

fim3A allele like BpSR10 and 13 is due to local outbreaks and may be temporary findings. 

Inclusion of the Gothenburg materials therefore probably reflects a more correct situation. 

This suggestion is supported by a recent report from Taiwan. In that study it was evident th

fim3B had been expressed only by profiles circulating in the years 1998-2004 [152]. 
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The distribution of fimbrial serotypes showed significant changes during the incidence peaks 

(p < 0.001). Isolates expressing serotype Fim3 were dominant with a proportion of 59%, 81% 

and 96% among the isolates collected during Peaks 1, 2 and 3, respectively, replacing Fim2. 

 

Figure 9.2. Changes in the proportion of different virulence factor alleles within the three 

incidence peaks. The Gothenburg material was included in Peak 3. 
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A clearer illustration of changes in the bacterial population could be shown by distribution of 

allele combinations. Few allele combinations (ptxA/ptxC/prn/tcfA/fim3) were identified 

among the 195 isolates studied. Four combinations, 1/2/2/2/B, 1/2/2/2/A1, 1/1/2/2/A1 and 

1/1/3/3/A1 were found in 97% (190 /195) of these isolates (Paper III, Figure 3). The 1/2/2/2/B 

combination dominated in all three peaks. The 1/2/2/2/A1 combination on the other hand 

showed an increasing trend when 1/1/2/2/A1 and 1/1/3/3/A1 disappeared during Peaks 2 and 

3, respectively. There is a very clear relationship between the PFGE profiles and the allele 

combinations. However, when we analysed the PFGE profiles the proportion of the seven 

most common ones covered only 74% of the isolates, to be compared with 97% for the four 

allele combinations. Obviously different PFGE profiles showed the same genetic property 

related to virulence genes (Paper III, Table 4). This suggests that future typing methods 

should be directed towards the antigenic contents with respect to specific proteins or virulence 

factors. 
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In this study we could provide data to support the hypothesis that the first incidence peak after 

the introduction of Pa vaccination of newborns occurred when a new PFGE profile, BpSR11, 

established itself and became predominant in the Swedish B. pertussis population. This profile 

was predominant through all three incidence peaks. In the other incidence peaks, which were 

of lower magnitude, some profiles associated with specific antigen types disappeared and the 

frequency of some new profiles increased. At the end of the study only profiles showing two 

known allele combinations, 1/2/2/2/B and 1/2/2/2/A1, were identified. It may be that these 

two allele combinations have an advantage in the present immunological environment. 

However, for a final explanation it is important to understand how these alleles co-vary with 

other alleles of other factors not included in this study. From the vaccination point of view it 

is important to find out the role of polymorphism and the mechanisms that control the 

bacterial adaptation to population immunity. It is therefore of importance to continue with the 

surveillance program, particularly since a booster dose for ten-year-olds was introduced in the 

Swedish vaccination program in 2005. 

9.4 IDENTIFICATION OF MAJOR PFGE PROFILES SPREADING BETWEEN 
COUNTRIES 

The aim of Paper IV was to survey the country-specific outbreaks and to study whether 

transmission of strains occurred between Finland and Sweden, two countries whose 

populations have a great deal of contact with each other. The idea of immunity-driven 

evolution was also discussed. 

For this purpose we analysed 193 Finnish isolates collected during 1998 to 2003 and 

compared them with 455 Swedish isolates collected from children vaccinated in the same 

period. In Finland, a Pw vaccine has been used since 1952 with high coverage. The study 

period covered incidence peaks in 1999 and 2003 in Finland and incidence peaks in 1999 and 

2002 in Sweden. 

In total 28 and 66 PFGE profiles, respectively, were found among the Finnish and Swedish 

isolates. We focused on the ten major profiles, which represented 83% and 65% of the 

collections, respectively. When we stratified the first detection year of each profile it was 

found that nine profiles were first observed among the Swedish isolates and two to ten years 

later they were seen also among the Finnish isolates (Paper IV, Table 3). BpSR11 was found 

first in Sweden in 1997 and was the most prevalent profile during the 1999 incidence peak. 

The same profile was observed in Finland for the first time in 1999 and was then the most 
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prevalent profile in the incidence peak of 2003. Only one profile, BpSR147, with a higher 

frequency in Finland, showed a reverse trend. 

Some local outbreaks related to expansion of specific profiles could be identified in both 

countries. All six isolates typed as BpSR147 were collected in 1998 in Kisko in Finland. Two 

isolates typed as BpSR147 were also seen in Sweden in 1998. The BpSR4 profile was first 

seen in 2002 from isolates collected from three vaccinated and five unvaccinated children in 

Torsås, a community with 7300 inhabitants in the Kalmar region in southeast Sweden. During 

2003 BpSR4 was not detected among Swedish isolates, but there were three isolates showing 

this profile in Finland. Later we also found BpSR4 in 12 isolates collected in the Stockholm 

region during the 2004 incidence peak after the collaborative study was finished. 

The international expansion of certain PFGE profiles was evident also from the EUpertstrain 

material (see Table 9.1). 

 

Table 9.1. The proportion of the BpSR11 profile is shown for each country in the 

EUpertstrain culture collection. Five countries participated in EUpertstrain I and eight 

countries in II. This table includes unpublished data of EUpertstrain II isolates. 

 No. of isolates No. of profiles BpSR11 
Country EUpertstrain 

I 
EUpertstrain 

II 
EUpertstrain 

I 
EUpertstrain 

II 
EUpertstrain I/II

% 
Denmark - 20 - 8 -/10 
Finland 20 20 11 8 5/40 
France 20 20 8 6 50/50 
Germany 17 19 10 8 35/17 
The Netherlands 20 23 7 9 29/30 
Poland - 13 - 7 -/0 
Sweden 25 20 14 8 20/35 
UK - 20 - 6 -/45 

 

In EUpertstrain I, sets of approximately 20 isolates were collected from Sweden, Germany, 

France, Finland and The Netherlands [115, 116]. In EUpertstrain II, three additional countries, 

Denmark, Poland and UK, were included. We analysed all isolates by means of the PFGE 

method set up in our laboratory [146]. In Table 9.1 the distribution of isolates, the number of 

obtained PFGE profiles and the proportion of BpSR11 are summarised. 

BpSR11 was found among isolates from all countries, with the exception of Poland, in a 

proportion of 5% to 50% in EUpertstrain I and 10% to 50% in EUpertstrain II. Interestingly 

enough, strain FR743, the reference strain for Group IVß collected in 1994, was also typed as 

BpSR11. Group IVß has since been the most prevalent group in France [104]. 

Shifts in PFGE profiles over time may or may not lead to changes in the antigen composition 

of the bacteria. B. pertussis with PFGE profile BpSR11, serotype Fim3, genotype prn2 and 
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ptxA1showed stable properties over time. It had been had been circulating in central European 

countries long before it was first identified in Sweden. It was the predominant profile in the 

incident peaks of 1999 in Sweden and of 2003 in Finland. Thus this profile/clone seems to 

represent B. pertussis bacteria with a high capacity to spread and adapt itself to population 

immunity after natural infection or vaccination. 

9.5 ASSOCIATION BETWEEN STRAIN CHARACTERISTICS AND CLINICAL 
OUTCOME OF PERTUSSIS DISEASE 

Clinically B. pertussis infections can manifest a spectrum of symptoms ranging from a mild, 

short cough to more severe paroxysmal coughing with whooping and post-tussive vomiting. 

The illness can be complicated by pneumonia, cyanosis, seizures, encephalopathy and death. 

In Paper V we aimed to study if different variants of bacteria, i.e. different PFGE profiles and 

serotypes, were associated with the severity of pertussis disease. The parameters reflecting 

severity of disease such as duration of spasmodic cough and total duration of cough, presence 

of complications, and length of hospital admission were available from the clinical database 

of the enhanced pertussis surveillance (see section 8.2.1). In this study all cohorts born 1996 

through September 2004 were studied. There were laboratory results for totally 927 isolates 

obtained from children included in the cohorts. 

To cover any association of PFGE profile and clinical outcome of pertussis, the results of 

PFGE were organised into three alternative categories. First the PFGE profile BpSR11, which 

was significantly dominant in the circulating bacterial population after introduction of Pa, was 

compared to all other profiles. In the second alternative the seven most common PFGE 

profiles were compared to all the others. In the third alternative BpSR11-related profiles 

extracted from dendrogram analysis were compared to all other profiles. The serotype results 

were organised into two groups – serotype Fim2 together with Fim2&3 as one group to be 

compared with the Fim3 group. We chose to pool the Fim2 together with Fim2&3 because 

Fim2 was thought to be the strongest antigen. 

Clinical outcome was categorised into four different groups. First data on hospital admission 

was divided into groups characterised by no hospital stay, hospital stay of one to two days, 

three to seven days and eight days or longer. There are indications that a hospital stay shorter 

than one week is more due to social circumstances than to the severity of disease. Data on 

spasmodic cough were grouped as follows: no spasmodic cough, spasmodic cough for 1-20 

days or for 21 days and longer. For complications children were divided into two groups, one 
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with at least one noted complication and one without any observed complication during the 

episode. 

In the BpSR11 group 15.5% of the children had eight or more days of hospital stay, as 

compared to 10.3% in the group of other profiles (p=0.041). There were no statistically 

significant differences found for PFGE profiles organised in the other alternatives nor for 

duration of hospital stay, spasmodic cough nor presence of any complication during the 

pertussis episode. This was true also for serotype related to the different categories of clinical 

outcome. 

Our results are in contrast to previously described data [55, 153]. Hospital admissions and 

complications due to pertussis in 1995 through 1997 in England and Wales were reviewed by 

Van Buyender et al. [55]. They found that serotype Fim2 isolates caused a more severe 

disease than the Fim3 types with regard to clinical outcomes such as hospital admissions and 

complications [55]. A basic difference from our study was that the English data were based on 

a three-year period when Fim2 showed an increasing trend [55]. In Sweden, on the contrary, 

Fim2 showed a decreasing trend after introduction of Pa vaccination when Fim3 replaced it. 

Moreover the use of different vaccines in UK and Sweden could be a confounding factor. 

These factors probably influence the statistical analysis and thus the conclusions. 

Heininger et al. studied the correlation of different PFGE patterns of B. pertussis and clinical 

outcomes such as total duration of cough and the occurrence of complications among 31 

children with severe cases vs. 32 matched children with mild cases. The PFGE results of this 

study were grouped according to Weber et al. [104]. Their conclusion is in agreement with 

our results from the second alternative grouping that obtained after comparison of the group 

of BpSR11-related profiles with the all other profiles. On the contrary, our results based on 

comparing PFGE profile BpSR11 only (first alternative) with all other profiles showed 

significantly increased severity of disease. 

In conclusion our results suggest that recently recognised and predominant clones might also 

have some impact on the clinical outcome of disease. 
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10 CONCLUDING REMARKS 
• PFGE profile analysis based on a single enzyme, i.e. XbaI cleavage, provides 

sufficient data for basic traceability of B. pertussis variants in surveillance- and 

outbreak-associated transmission studies. 

• The total number of PFGE profiles is high (250 profiles among 3600 analysed 

isolates) but few of them are dominant. Some PFGE profiles are more dominant than 

others and may sometimes express different phenotypes in different periods. Some of 

the PFGE profiles are identified from samples collected over a period of thirty years, 

and others just in local short outbreaks. 

• Initially 35 Swedish strains were deposited at CCUG as reference material for PFGE 

traceability. These strains represented 85% of the PFGE profiles observed during the 

last 30 years in Sweden. 

• B. pertussis strains are indeed shifting components in respect to the PFGE profile, 

fimbrial serotype and prn genotype. Changes of the PFGE profiles occur constantly 

but only a few PFGE profiles are predominant in different periods. A shift in fimbrial 

serotype was directly related to vaccination policy. Fim3 was significantly the 

prevalent type in the DTPw or DTPa period, and Fim2 was prevalent in the 

vaccination-free period. Circulating strains during the Pw period expressed mainly 

prn1. Prn2 first appeared in the Pw period and gradually replaced prn1. 

• The circulating strains differed from the vaccine strains in the studied components and 

PFGE profiles. 

• Pertussis is still a health problem in Sweden with more than 1000 notified cases each 

year. Significant pertussis incidence peaks have occurred after the introduction of Pa 

in 1996; the first one was at the end of 1999 and the beginning of 2000, followed by 

two lower peaks in 2002 and 2004. The first incidence peak coincided with the 

establishment of a new PFGE profile, BpSR11, which became predominant. This 

profile was predominant through all three incidence peaks. In the other incidence 

peaks some profiles associated with specific antigens disappeared and the frequency of 

some new profiles increased. There is a trend towards dominant genetically specific 

clones of circulating B. pertussis. 

• PFGE profiles of the majority of circulating strains in Finland during the 1998-2003 

period had been circulating two to ten years earlier in Sweden. A currently major 

profile, BpSR11, was first found in 1997 in Sweden and was the most prevalent 
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profile during the incidence peak year of 1999. This profile was first observed in 

Finland in 1999 and was the most prevalent profile in the incidence peak year of 2003. 

Moreover BpSR11 was prevalent in France in 1994 and in a collection of isolates 

circulating in Denmark, Finland, Germany, The Netherlands and UK. 

• The results suggest that recently recognised and predominant clones might also have 

some impact on the clinical outcome of disease, although the signifance was weak. 

-In conclusion, it is of importance to continue with the surveillance program, in particular 

since a pre-school booster dose to cohorts born from 2002 will be introduced in the Swedish 

vaccination program, and a catch-up booster at age 10 years is already in place for those 

cohorts who have already passed pre-school age in 2007. 
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