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Summary Objectives: Despite high pertussis vaccination coverage, Australia experienced a
prolonged epidemic in 2008e2012. The predominant Bordetella pertussis genotype harboured
pertussis toxin promoter allele, ptxP3, and pertactin gene allele, prn2. The emergence and
expansion of non-expressing prn isolates (Prn negative), were also observed. We aimed to
investigate the microevolution and genomic diversity of epidemic B. pertussis isolates.
Methods: We sequenced 22 B. pertussis isolates collected in 2008e2012 from two states of
Australia which are geographically widely separated. Ten of the 22 were Prn negative isolates
with three different modes of silencing of prn (prn::IS481F, prn::IS481R and prn::IS1002). Five
pre-epidemic isolates were also sequenced for comparison.
Results: Five single nucleotide polymorphisms were common in the epidemic isolates and
differentiated them from pre-epidemic isolates. The Australian epidemic isolates can be
divided into five lineages (EL1eEL5) with EL1 containing only Prn negative isolates. Comparison
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with global isolates showed that three lineages remained geographically and temporally
distinct whereas two lineages mixed with isolates from 2012 UK outbreak.
Conclusion: Our results suggest significant diversification and the microevolution of B.
pertussis within the 2008e2012 Australian epidemic.
ª 2016 The British Infection Association. Published by Elsevier Ltd. All rights reserved.

IntroductionQ2

Bordetella pertussis, a small Gram-negative bacterium, is
the causative agent of the respiratory infection, pertussis.
The infection can be life threatening in infants and young
children. Introduction of whole cell vaccine (WCV) during
the 1950s significantly reduced the morbidity and mortality
of pertussis globally. However, due to the side effect pro-
files of WCV, acellular vaccine (ACV) was developed in the
1980s.1 In Australia, ACV replaced the WCV initially as a
booster in 1997 and then for all scheduled doses by 2000.2

Australia predominantly uses 3-component ACVs from Glax-
oSmithKline containing detoxified pertussis toxin (Ptx), per-
tactin (Prn), filamentous haemagglutinin (FHA). The 5-
component ACV from Sanofi e Aventis containing addition-
ally 2 types of fimbriae (Fim2 and Fim3) has also been used
in Australia.3,4

Re-emergence of pertussis has been reported in many
countries with high vaccination coverage, including the US,
Canada, Japan, European countries and Australia.5e9

Despite high pertussis vaccine uptake in Australia,
(91e92%) pertussis incidence is still the highest amongst
all vaccine-preventable diseases. The latest pertussis
epidemic commenced in 2008 and reached its peak in
2011.10,11 In the state of New South Wales (NSW), the
pertussis notification and hospitalization rate were 2.7
and 3.9 times higher, respectively, as compared to the pre-
vious five-year average. In addition, there was a significant
increase in notification and hospitalisation rates for infants
aged less than one-year-old.10

Although it has been suggested that improvement in
diagnostic laboratory techniques and increased awareness
by general practitioners may explain the high rate of
pertussis in developed countries, there is evidence that
organism adaptation and antigenic drift may increase the
incidence of pertussis in the highly immunised pop-
ulation.12e14 Strain variation and pathogen adaptation have
been reported in different countries as evidenced by poly-
morphisms in several virulence associated genes and their
promoters, including those included in the ACV: ptx genes
and its promoter ptxP, prn, fhaB andfim14e16. Recent studies
in several countries have reported the emergence and
increasing circulation of isolates that do not express
Prn.17e22 Comparative genomics of pre-vaccination andmod-
ern B. pertussis strains showed that single nucleotide poly-
morphism (SNP) in important genes including virulence-
associated genes or regulatory genesmay have helped the or-
ganism to survive under vaccine selection pressure.23e25

Previously, SNP typing classified 208 Australian B.
pertussis isolates collected since the 1970s into 30 SNP pro-
files (SPs) which are further grouped into five SNP clus-
ters.26 An increase in prevalence of SNP cluster I was
documented after the introduction of ACV.26 Australia
experienced a prolonged outbreak from 2008 to 2012.

Typing of 194 B. pertussis isolated collected from the
epidemic found three predominant SPs with SP13, SP14
and SP16 representing 49%, 24% and 12% of the total isolates
genotyped.26 During the epidemic, Prn negative isolates
emerged in 2008 and increased to 78% by 2012.27

In this study, we used whole genome sequencing to
investigate the genetic diversity of B. pertussis isolates
associated with the Australian pertussis epidemic of
2008e2012 and to determine evolutionary characteristics
of Australian epidemic B. pertussis. We sequenced 22
SP13 B. pertussis isolates collected in 2008e2012 from
two states of Australia, NSW and Western Australia (WA)
which are geographically widely separated. Ten of the 22
were Prn negative isolates which allowed us to determine
the origin and relationships of these Prn negative isolates.

Materials and methods

Bacterial strains

A total of 27 B. pertussis SP13 isolates were selected based
on year and state of isolation and the inactivation mecha-
nism of prn gene. Amongst the 27 selected B. pertussis
SP13 isolates, 22 of them represented isolates from the
Australian 2008e2012 epidemic and are referred to hence-
forth as epidemic isolates. The remaining five isolates rep-
resented isolates prior to the 2008e2012 epidemic and are
referred to as pre-epidemic isolates. Bacterial isolates
were maintained on Bordet-Gengou agar (Oxoid) supple-
mented with 10% horse blood (Oxoid) at 37 �C for 3e5
days. Genomic DNA was extracted and purified from pure
culture using the phenol-chloroform method as described
previously.28

DNA sequencing and assembly

DNA libraries were constructed with the insert size of
250 bp paired-end using NexteraXT kit (Illumina) and
sequenced on the MiSeq (Illumina). Genome sequencing
was done in a multiplex of 24. De novo assembly was per-
formed for all sequencing data using Velvet version
1.2.0829 to combine reads into contigs. These contigs
were aligned to the reference B. pertussis strain Tohama
I (GeneBank accession number BX470248) using progressive-
Mauve (version 2.3.1).30 The strain Tohama I was used as a
reference to generate comparable data as all previous
genomic studies used Tohama I as a reference. Some
studies revealed that there are some genomic regions pre-
sent in B. pertussis strains but are not found in Tohama
I.31,32 Therefore, the genome of B. pertussis strain CS,33

which is fully sequenced, was also used to investigate the
genomic diversity among these regions of differences. The
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