INFECTION AND IMMUNITY, Feb. 1998, p. 670–675
0019-9567/98/$04.0010
Copyright © 1998, American Society for Microbiology

Vol. 66, No. 2

Polymorphism in the Bordetella pertussis Virulence Factors
P.69/Pertactin and Pertussis Toxin in The Netherlands:
Temporal Trends and Evidence for Vaccine-Driven Evolution
FRITS R. MOOI,1* HANS

OIRSCHOT,1 KEES HEUVELMAN,1 HAN G. J.
WIM GAASTRA,2 AND ROB J. L. WILLEMS1
VAN

VAN DER

HEIDE,1

Research Laboratory for Infectious Diseases, National Institute for Public Health and the Environment, 3720 BA
Bilthoven,1 and Faculty of Veterinary Medicine, Institute of Infectious Diseases and Immunology,
University of Utrecht, 3508 TD Utrecht,2 The Netherlands
Received 2 October 1997/Returned for modification 30 October 1997/Accepted 20 November 1997

The Bordetella pertussis proteins P.69 (also designated pertactin) and pertussis toxin are important virulence
factors and have been shown to confer protective immunity in animals and humans. Both proteins are used in
the new generation of acellular pertussis vaccines (ACVs), and it is therefore important to study the degree of
antigenic variation in these proteins. Sequence analysis of the genes for P.69 and the pertussis toxin S1
subunit, using strains collected from Dutch patients in the period 1949 to 1996, revealed three P.69 and three
S1 variants which show differences in amino acid sequence. Polymorphism in P.69 was confined to a region
comprised of repeats and located proximal to the RGD motif involved in adherence to host tissues. Variation
in S1 was observed in two regions previously identified as T-cell epitopes. P.69 and S1 variants, identical to
those included in the Dutch whole-cell pertussis vaccine (WCV), were found in 100% of the strains from the
1950s, the period when the WCV was introduced in The Netherlands. However, nonvaccine types of P.69 and
S1 gradually replaced the vaccine types in later years and were found in ;90% strains from 1990 to 1996. These
results suggest that vaccination has selected for strains which are antigenically distinct from vaccine strains.
Analysis of strains from vaccinated and nonvaccinated individuals indicated that the WCV protects better
against strains with the vaccine type P.69 than against strains with non-vaccine types (P 5 0.024). ACVs
contain P.69 and S1 types which are found in only 10% of recent Dutch B. pertussis isolates, implying that they
do not have an optimal composition. Our findings cast a new light on the reemergence of pertussis in highly
vaccinated populations and may have major implications for the long-term efficacy of both WCVs and ACVs.
ulation structure of Bordetella pertussis in The Netherlands has
changed over time, and we suggested that these changes may
have been driven by vaccination (34). Here we investigate this
hypothesis further by analyzing antigenic shifts in the Dutch B.
pertussis population. We focused on two B. pertussis proteins,
P.69 (also designated P.69/pertactin) and pertussis toxin, which
are part of most ACVs and have been shown to confer protective immunity in animals and humans (16, 27, 31).
P.69 is produced as a large (910-amino-acid) precursor molecule. It is proteolytically processed at its N and C termini to
produce P.69 and P.30, which are located at the cell surface
and in the outer membrane, respectively (7, 8). P.69 contains
the amino acid triplet arginine-glycine-aspartic acid (RGD), a
sequence motif which functions as a cell-binding site in a number of mammalian proteins, and it has been shown that the
P.69 RGD sequence is also involved in adherence to host cells
(17). Pertussis toxin is composed of five subunits (S1 to S5); the
toxic, catalytic functions are located in the S1 subunit, which
comprises 235 amino acids (20, 24). Like P.69, pertussis toxin
is excreted and may be found loosely associated with the outer
membrane. Pertussis toxin has numerous biological activities
and probably plays a role in hampering the host immune response (32).
Both P.69 and pertussis toxin are part of most ACVs, and it
is therefore important to study the degree of antigenic variation in these proteins. Variation in the S1 pertussis toxin subunit was observed previously with a limited number of strains
(2). Here we extend these observations by using a well-defined
strain collection. Further, we show, for the first time, that B.
pertussis strains show variation in P.69. Temporal trends in the

In the prevaccination era, pertussis was a major cause of
child morbidity and mortality (35). In the 1950s, many countries, including The Netherlands, introduced whole-cell pertussis vaccines (WCVs) which greatly reduced the pertussis burden, and in such countries the disease more or less
disappeared. In the 1970s, interest in pertussis revived due to
side effects caused by pertussis vaccination (10, 35). This has
resulted in the development of acellular pertussis vaccines
(ACVs), which are now being introduced in various countries
(14, 30, 31). In recent years, interest in pertussis has increased
because in a number of countries which use WCVs, such as
Australia, Canada, the United States, and The Netherlands,
there is evidence that the incidence of pertussis is increasing
despite high vaccination coverage (1, 4, 5, 12). This is exemplified by the pertussis epidemic in The Netherlands in 1996,
which showed an incidence which was fivefold higher than in
previous epidemics (11). The resurgence of pertussis may be
caused by several factors (4, 11, 25) such as waning vaccineinduced immunity, a decrease in vaccine quality (e.g., due to
changes in production processes), or a decrease in vaccine
coverage. Further, improved surveillance and changes in case
definition may result in seemingly higher incidences. Another
cause for the reemergence of pertussis may be the expansion of
strains which are antigenically distinct from vaccine strains
(35). Using DNA fingerprinting, we have shown that the pop* Corresponding author. Mailing address: Research Laboratory for
Infectious Diseases, National Institute for Public Health and the Environment, P.O. Box 1, 3720 BA Bilthoven, The Netherlands. Phone:
31-30-274.3091. Fax: 31-30-274.4449. E-mail: fr.mooi@rivm.nl.
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TABLE 1. Primers used in this studya
Primer

Sequence (59-39)

Gene

Position

PF
AF
AR
BR
BF
PR
S1F
S1FM
S1R

TGTCTCTGTCACGCATTGTC
GCCAATGTCACGGTCCAA
GCAAGGTGATCGACAGGG
CGGATTCAGGCGCAACTC
AGCTGGGCGGTTCAAGGT
ATGCCGTTGGTGTGTACCGT
TAGGCACCATCAAAACGCAG
ACAATGCCGGCCGTATCCTC
TCAATTACCGGAGTTGGGCG

prn
prn
prn
prn
prn
prn
s1
s1
s1

152–171
649–666
1234–1217
2076–2059
1542–1559
2714–2695
474–493
946–965
1350–1330

a
The gene harboring the target sequence (italicized) is indicated. A schematic
representation of primer positions in the prn gene is depicted in Fig. 1. Primers
were derived from published sequences of prn (8) and the S1 subunit (20, 24).

frequencies of P.69 and S1 variants suggest that the emergence
of novel variants has been driven by vaccination. Our findings
cast new light on the reemergence of pertussis in highly vaccinated populations and may have major implications for the
long-term efficacy of both WCVs and ACVs.
MATERIALS AND METHODS
Strains. B. pertussis strains were collected in the years 1949 to 1996. The
distribution of the strains over different periods was as follows: 1949 to 1980, 35;
1981, 17; 1982, 11; 1983, 6; 1984, 6; 1985, 9; 1986, 7; 1987, 12; 1988, 12; 1989; 27;
1990, 21; 1991, 0; 1992, 16; 1993, 21; 1994, 45; 1995, 18; and 1996, 49. Most strains
were sent to the National Institute for Public Health and the Environment
(RIVM) by regional laboratories for serotyping or confirmation of identification.
Detailed information, such as the region where the strain was isolated and
patient age, was available for strains isolated in 1988 and later. B. pertussis strains
were grown on Bordet-Gengou agar (Difco Catalog no. 0048-15-7) supplemented with 1% glycerol and 15% sheep blood or in Verwey medium (33) at
35°C for 3 days.
DNA sequencing. DNA was isolated essentially as described in reference 3.
DNA sequencing was performed by PCR amplification of chromosomal DNA
followed by direct sequencing of the PCR products. Conditions for amplification
of the prn and s1 genes were as follows. The prn gene was amplified in 50 ml
containing 1 mM Tris-HCl (pH 8), 2 mM MgCl2, 10% dimethyl sulfoxide, 200
mM each deoxynucleotide, 10 pmol of each primer, and 0.75 U of AmpliTaq
polymerase (Perkin-Elmer). The reaction mixtures were preheated at 95°C for 3
min, and 30 amplification cycles were performed in a Hybaid OmniGene incubator, using the following program: 20 s at 95°C, 30 s at 55°C, and 1 min at 72°C.
The last cycle was concluded with reaction for 7 min at 72°C. The s1 gene was
amplified in 50 ml containing 10 mM Tris-HCl (pH 9), 1.5 mM MgCl2, 50 mM
KCl, 0.1% Triton X-100, 0.01% gelatin, 5% dimethyl sulfoxide, 200 mM each
deoxynucleotide, 10 pmol of each primer, and 0.75 U of AmpliTaq polymerase
(Perkin-Elmer). The reaction mixtures were preheated at 95°C for 3 min, and 30
amplification cycles were performed in a Hybaid OmniGene incubator, using the
following program: 15 s at 95°C, 15 s at 59°C, and 1 min at 72°C. The last cycle
was concluded with reaction for 10 min at 72°C. PCR fragments were purified
with a Qiaquick (Qiagen) PCR purification kit and sequenced on both strands
with the primers used for amplification in combination with internal primers (see
below). Sequence reactions were carried out with an ABI prism dye terminator
Cycle Sequencing Ready reaction kit, and the products were analyzed on a model
373 or 377 ABI DNA sequencer (Perkin-Elmer–Applied Biosystems).
The sequences and positions of the primers used to amplify and sequence the

FIG. 1. Structure of the prn gene, coding for the P.69 precursor. The regions
coding for the N- and C-terminal parts of the P.69 precursor, which are removed,
are indicated in gray. The central white region codes for P.69, which is exposed
at the cell surface. Regions 1 and 2, which code for the repeats GGxxP and PQP,
respectively, are indicated in black. The small arrows show the approximate
positions of primers used for PCR and sequencing. The figure is based on data
in reference 8.

671

prn and s1 genes are indicated in Table 1 and Fig. 1. A region coding for P.69 was
amplified with primers PF and PR. The P.69-encoding region from six strains,
isolated in the years 1954 (n 5 2), 1990 (n 5 1), and 1994 (n 5 3), was sequenced
completely, using a combination of the primers depicted in Fig. 1. Two polymorphic regions of the prn gene, designated regions 1 and 2 (Fig. 1), were sequenced
in a larger number of strains. A DNA fragment containing regions 1 and 2 was
amplified with primers AF and BR. Subsequently, region 1 was sequenced by
using primers AF and AR, while region 2 was sequenced with primers BF and
BR (Fig. 1). Region 1 was sequenced in all 312 strains used in this study. Region
2 was sequenced in 126 strains. The s1 gene was sequenced completely, using
three primers (Table 1). Forty-nine strains were analyzed, isolated in three
periods spanning approximately 7 years: 1949 to 1954 (n 5 12), 1978 to 1985 (n 5
15), and 1990 to 1996 (n 5 17).
Statistical analysis. P values (one sided) were calculated by using the MantelHaenszel chi-square test for trend analysis (29).

RESULTS
Polymorphism in P.69. The gene for the B. pertussis P.69
precursor (prn) has been sequenced (8), and its gene structure
suggested that polymorphism may occur in two regions, designated regions 1 and 2 (Fig. 1), that are comprised of repeats
coding for the amino acid sequences GGxxP and PQP, respectively. Region 1 is near the RGD motif, which is involved in
adherence to host receptors (17). DNA regions with repeated
sequences show a high mutation frequency due to recombination between repeats (28). That polymorphism may occur in
these two regions was also suggested by a comparison of the B.
pertussis P.69 with the homologous proteins derived from the
closely related species B. bronchiseptica and B. parapertussis.
Although amino acid substitutions are found over the whole
length of the molecule, the largest differences are found in
regions 1 and 2 (19). Further, the differences in regions 1 and
2 can be explained by the addition or removal of the repeat
unit, which is in accordance with the proposed mechanism
underlying polymorphism in repeated regions.
To identify polymorphic regions in the B. pertussis P.69 molecule, we sequenced the prn genes from six B. pertussis strains
isolated in the years 1950, 1990, and 1994. The region sequenced comprised more than 90% of the prn gene and completely encompassed the DNA coding for the cell surfaceexposed P.69 protein (Fig. 1). All differences observed between
the six sequences were confined to region 1. A more extensive
analysis, focused on regions 1 and 2 and involving 126 strains
from different periods, also revealed variation in region 1 only,
and subsequent analyses were confined to this region (total of
312 strains).
An analysis of Dutch strains isolated in the years 1949 to
1996 revealed three P.69 types (designated P.69A, -B, and -C),
which differed in two amino acid substitutions and/or the number of GGxxP repeats (Fig. 2). P.69B contained six repeats,
while P.69A and -C contained five. P.69A was identical to the
previously characterized P.69 molecule (8). The two strains
used for the Dutch WCV were found to produce P.69A.
When the percentages of the three P.69 types in different
years were determined, interesting trends were observed (Fig.
3). In strains isolated in the period 1949 to 1980, only P.69A
was found. In 1981, two novel types (P.69B and P.69C) appeared, and the percentages of these types remained more or
less constant, comprising 20 to 30% of all isolates, until 1988.
From 1989 on, an increase in strains with P.69B and P.69C was
observed until they comprised ;90% of the B. pertussis population. In 1993 to 1996, the predominance of P.69B and P.69C
alternated in successive years.
Distribution of P.69 types in groups with different levels of
vaccine-induced immunity. The two strains which comprise the
Dutch WCV both produce P.69A, and it is conceivable that the
displacement of strains carrying this type has been driven by
vaccination. This hypothesis predicts that the percentage of
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FIG. 2. Variants of P.69 observed in the Dutch B. pertussis population. Depicted are the DNA sequence and corresponding amino acid sequence of the single polymorphic region observed. In P.69C and P.69A, only
differences with respect to P.69B are indicated. Dots and dashes indicate identical bases and gaps, respectively. GGxxP repeats are underlined. The RGD sequence, which is involved in attachment to mammalian cells,
is indicated by double underlining. The number 778 refers to the position of the first base of the indicated sequence in the prn gene.
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FIG. 3. Temporal trends in the frequency of P.69 variants in the Dutch B.
pertussis population. The percentage of strains harboring distinct P.69 variants
was determined in Dutch strains collected between 1949 and 1996 for each
period indicated on the x axis. Strains collected between 1949 and 1980 contained
P.69A only. Insufficient strains from 1991 were available. The Dutch WCV
contains P.69A.

P.69A strains isolated should be lower in vaccinated individuals than in nonvaccinated individuals. In The Netherlands,
children are vaccinated with the WCV at the ages of 3, 4, 5, and
11 months. Further, it has been well established that vaccineinduced immunity wanes after a few years, and in older age
groups vaccine-induced immunity is supplemented and possibly eventually overshadowed by immunity acquired by infection (23). Thus, we presumed that the age groups 0 to 3, 4 to
11, 12 to 48, and .48 months were comprised of individuals
with no, partial, optimal, and waning vaccine-induced immunity, respectively. It should be noted that no data were available about the vaccination status of the individuals from which
the strains were isolated. However, in the period 1993 to 1996,
approximately 85% of the culture-confirmed pertussis patients
older than 12 months were vaccinated (11). There was a correlation between the percentage of P.69A strains isolated from
an age group and the degree of vaccine-induced immunity
(Table 2). The percentages of P.69A strains found in the categories with no, partial, and optimal vaccine-induced immunity
were 22, 11, and 8%, respectively. This downward trend was
found to be significant (P 5 0.024). When the groups with
waning and optimal vaccine-induced immunity were compared, again a downward trend (from 18 to 8%) was observed.

TABLE 2. Percentage of P.69 types isolated from different
age groupsa
Age group
(mo)

No. of
strains

Vaccine-induced
immunityb

0–3
4–11
12–48
.48
Total

55
35
40
67
197

No
Partial
Optimal
Waning

a

% of P.69 types isolatedc
Vaccine type
(P.69A)

Non-vaccine types
(P.69B and P.69C)

22
11
8
18
16

78
89
93
82
84

Data are from the years 1989 to 1996.
Estimation of the level of vaccine-induced immunity was based on the fact
that in The Netherlands, children are vaccinated at 3, 4, 5, and 11 months of age.
Further, vaccine-induced immunity is known to wane after a few years.
c
Percentages were calculated within each age group. The downward trend
observed in the percentage of vaccine type P.69 in the categories with no, partial,
and optimal vaccine-induced immunity was significant (P 5 0.024), and the
upward trend observed in the categories with optimal and waning immunity was
marginally significant (P 5 0.066).
b
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DISCUSSION

FIG. 4. Variants of the pertussis toxin S1 subunit. Depicted are the DNA and
corresponding amino acid sequences of the two polymorphic regions observed.
In S1B and S1D, only differences with respect to S1A are indicated. Dots indicate
identical bases. The numbers refer to positions in the s1 gene.

This trend was marginally significant (P 5 0.066). These observations are consistent with the notion that vaccine-induced
immunity against P.69A strains is stronger than that against
P.69B and P.69C strains.
Polymorphism in the S1 subunit of pertussis toxin. Approximately 15 strains from each of three periods 1949 to 1954,
1978 to 1985, and 1990 to 1996 were selected to study polymorphism in the s1 gene. Three S1 variants, S1A, S1B, and
S1D, were found in the Dutch B. pertussis population (S1C was
observed in a non-Dutch strain) (Fig. 4). Interestingly, all mutations observed in the s1 gene resulted in amino acid substitutions (i.e., were nonsilent). Further, the mutations were
found in two regions identified as T-cell epitopes (26). The s1
genes from a number of B. pertussis strains have been sequenced (2, 20, 21, 24), and small differences in sequence were
observed. A comparison of the S1 sequences revealed that the
previously published sequences correspond to S1A, S1B, and
S1D. Thus, S1C represents a novel S1 type. The two Dutch
vaccine strains produced S1B and S1D.
A comparison of the three different periods analyzed (Fig. 5)
revealed that two S1 types, S1B and S1D, were found in the
period 1949 to 1954. The frequency of S1B decreased in time
and was found in 58, 20, and 12% of the strains in the periods
1949 to 1954, 1978 to 1985, and 1990 to 1996, respectively. The
other S1 type observed in the period 1949 to 1954, S1D, was
not found in later periods. In the period 1978 to 1985, a novel
S1 type, S1A, was observed in 80% of the isolates. The frequency of the S1A type increased in time and was found in
88% of the isolates from the most recent period analyzed, 1990
to 1996.

FIG. 5. Temporal trends in the frequencies of the pertussis toxin S1 subunit
in the Dutch B. pertussis population. The percentages of each variant in three
periods were determined. The strains used for the Dutch WCV produce S1B and
S1D.

To our knowledge, this is the first study on the effect of
long-term (;44 years) vaccination on antigenic shifts in a bacterial population. We found that two B. pertussis antigens, P.69
and the S1 subunit of pertussis toxin, are polymorphic and that
the frequencies of their variants show shifts in time. Molecular
and immunological arguments suggest that variation in P.69
and S1 has been driven by immune selection. First, although a
large number of s1 genes were sequenced, all observed mutations were nonsilent. In the prn gene, two of the four codons
affected by point mutations contained nonsilent mutations
(Fig. 2). Without selective pressure, the ratio of silent to nonsilent mutations is predicted to be 20 (25); thus, it seems likely
that the observed changes in S1 and P.69 were fixed in the
population due to positive selection. Second, variation in P.69
occurred in a region comprised of repeats, and such regions
have been implicated in evasion of the host immune response
(22, 28). Third, there is evidence that protective antibodies
induced by P.69 are directed against variable regions. B. pertussis P.69 does not cross-protect against B. parapertussis infection in a mouse model, although the two molecules show 93%
sequence identity (15). However, this lack of cross-protection
cannot be attributed to a particular region of P.69, since differences between the two species are found in both region 1
and region 2, and amino acid substitutions are also found
outside these regions (19). Finally, in P.69 and S1, the mutations were confined to regions of the molecule which have been
defined as B-cell and T-cell epitopes, respectively (9, 26).
Epidemiological data also provided evidence that the observed variation in P.69 and S1 was driven by immune selection. Temporal trends in the frequencies of P.69 and S1 variants indicated that divergence had occurred between vaccine
strains and clinical isolates with respect to these two antigens.
The WCV was introduced in The Netherlands in the early
1950s, and in this period all isolates had the same P.69 and S1
types as the two vaccine strains (i.e., P.69A, S1B, and S1D).
This is not unexpected since the vaccine strains were clinical
isolates obtained in this period. In later periods, strains with
the vaccine type P.69 or S1 were replaced by strains carrying
novel P.69 and S1 variants (i.e., P.69B, P.69C, and S1A), and
such strains comprised ;90% of the B. pertussis population in
the period 1990 to 1996 (Fig. 3 and 5). These observation
suggest that the observed shifts in P.69 and S1 have been
driven by vaccination with the WCV. Further, we found that in
recent years, P.69B and P.69C alternate in successive years, a
phenomenon which probably reflects frequency-dependent selection (18) due to waning and increasing naturally acquired
immunity against a particular P.69 type.
If the displacement of strains carrying the vaccine-type P.69
(i.e., P.69A) by strains with non-vaccine-type P.69 has been
driven by vaccination, one would expect an inverse relationship
between the percentage of P.69A strains isolated from individuals and their degree of vaccine-induced immunity. This is
exactly what we observed: the percentages of P.69A strains
isolated from groups with no, partial, or optimal vaccine-induced immunity were 22, 11, and 8%, respectively (Table 2).
This downward trend was significant (P 5 0.024). A similar,
marginally significant (P 5 0.066), downward trend was observed when groups with waning and optimal vaccine-induced
immunity were compared (with 18 and 8% P.69A types, respectively). These observations are consistent with the notion
that vaccine-induced immunity against P.69A strains is stronger than that against P.69B and P.69C strains. Since the vaccination status is a function of age, we cannot exclude agerelated effects other than vaccine-induced immunity on the
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distribution of P.69 variants. However, the oldest (.48
months) and youngest (0 to 3 months) groups that we studied
contained approximately the same percentage of P.69A strains
(22 and 18%, respectively), indicating that the distribution of
P.69 variants over different categories was not determined simply by age. A similar analysis for S1 was not possible due to the
limited number of strains typed.
It is conceivable that the expansion of particular P.69 and S1
types is not a consequence of variation in these molecules only
but is also due to other bacterial antigens which affect strain
fitness and which may be linked to certain P.69 and S1 types.
To investigate this, we are analyzing polymorphism in other
surface molecules of B. pertussis.
Both region 1 and region 2 of P.69 are comprised of repeats,
are part of immunodominant B-cell epitopes, and show variation within the genus Bordetella (9, 19). Nevertheless, we observed variation only in region 1. Region 1 is located adjacent
to the RGD sequence, which has been implicated in the biological function of P.69, i.e., adherence to host cells (17). The
X-ray structure of P.69 revealed that the RGD sequence is
located in a loop which protrudes from the molecule (13).
Thus, antibodies directed against this section of the molecule
may effectively block the function of P.69, and consequently
variation in this region may benefit the bacteria more than
variation in region 2.
There is evidence that the incidence of pertussis is increasing
in populations vaccinated with WCVs (1, 4, 5, 11, 12), and our
results suggest that one of the factors which has contributed to
this phenomenon may be the decline of vaccine efficacy due to
antigenic shifts in the B. pertussis population. Our findings also
may have implications for the efficacy of ACVs, many of which
contain both P.69 and pertussis toxin (35). Published sequences (6, 8, 20, 21, 24) suggest that a number of ACVs
contain P.69A and S1B or S1D pertussis toxin subunits, i.e.,
variants which are found in only ;10% of recent Dutch B.
pertussis isolates. Clearly these vaccines do not have an optimal
composition for the Dutch situation. This is not to say that
these ACVs will not be effective in The Netherlands, but that
inclusion of other P.69 and pertussis toxin variants could make
these vaccines more effective. This may also be true for other
countries. The inclusion of several P.69 and pertussis toxin
types should be considered to prevent the expansion of strains
expressing variant antigens which are not included in vaccines.
Such a vaccine-driven expansion, documented by us here for a
WCV, may occur more rapidly with ACVs than with WCVs
and also have a more pronounced effect on vaccine efficacy,
since ACVs induce a narrower spectrum of antibody specificities than WCVs. Our results may have implications for the
interpretation of the outcome of field trials with ACVs, since
the efficacy of a vaccine may differ in different regions due to
differences in the population structure of B. pertussis (i.e., the
frequency of antigenic variants). The field trials with ACVs
were generally held in unvaccinated populations, and our data
presented here and previously (34) suggest that the population
structure of B. pertussis may be distinct in vaccinated and
unvaccinated populations. In collaboration with others, we are
currently performing a Europe-wide study of the population
structure of B. pertussis in vaccinated and unvaccinated populations.
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