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Abstract

Understanding host adaptation, virulence phenotypes, and evasion of host
immunity by different bacterial species and/or strains lays the groundwork for shedding
light on the mechanisms behind bacterial diversity. It will also suggest approaches to
prevent new emerging infectious diseases and to design better vaccines for both humans
and animals. This dissertation investigates the genetic basis for bacterial diversity in
virulence and host-pathogen interactions, using a unique set of subspecies referred to as
the classical bordetellae. These lineages are very closely related but differ in host ranges
and disease symptoms. Using comparative genomic and phylogenomic analysis, we
studied seven newly sequenced genomes with four previously published genomes of the
classical bordetellae (Chapter 2). We predicted the total genome (pan-genome) of the
classical bordetellae, showing substantial diversity of genome content in these closely
related pathogens. The diversity may contribute to their host specificities to different
animals, including humans, and virulence phenotypes.

We also discussed multiple

evolutionary mechanisms, such as mutations, loss of genes, and horizontal gene transfer
(HGT), which likely contribute to host adaptation and evasion of host immunity.
Focusing on smaller gene clusters important for pathogenesis, we investigated the
similarity and diversity of the Type I through Type VI secretion system loci (T1SST6SS) compared to other bacteria, as well as within the classical bordetellae (Chapter 3).
In addition, we identified protein candidates that are functionally associated with these
secretion systems without known orthologs in other bacteria.

Understanding the

functions of these proteins will likely help us comprehend the Bordetella-specific

iv

functions of these secretion systems in pathogenesis. It will also help us find target
virulence factors as treatment possibilities. In addition, diversity of secretion systems in
the classical bordetellae strains may contribute to host adaptation and virulence
phenotypes, as each species uses unique sets of secretion systems. Different evolutionary
mechanisms, such as mutation, recombination, and HGT, are driving the evolution of
these virulence factor loci. Lastly, we not only predicted recombination–mediated HGT
as the mechanism of classical bordetellae O-antigen diversity, but we also confirmed the
biological selective advantage of these diverse O-antigen serotypes in in vitro and in vivo
experiments (Chapter 4). This interdisciplinary analysis suggests that HGT has allowed
for multiple Bordetella species/strains to circulate in host populations and to evade
protective immunity against differing O-antigen-induced antibodies. In summary, this
dissertation contributes to linking genomic differences, evolutionary mechanisms, and
biological selective pressures that may contribute to the diversity of bacterial
characteristics, such as host specificity, pathogenesis, and evasion of immunity. This
work has important implications to the advancement of public health and agricultural
sustainability, because our interdisciplinary analysis sheds light on bacterial speciation,
diversity, and host adaptation, not only within the classical bordetellae but also in all
pathogens.
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Chapter 1
Introduction

2

Microbial genomes
A several decades into the beginning of the genomic era, genomic variability
between multiple strains of the same species demonstrates plasticity of prokaryotes, and
is leading to new ideas to classify, analyze and understand microbial species [1–3]. The
pan-genome describes global gene repertoire, including all available genes in bacterial
species and is comprised of core and non-core genomes. A core genome contains genes
that are conserved in all strains, while a non-core genome contains genes that are absent
in at least one strain [2, 3]. Genomic differences between closely related strains and
species, defined by non-core genomes, are responsible for their differences in virulence,
host adaptations, and lifestyle of bacteria [4–7].
Diversification and adaptation of bacterial species have been shaped by gene
change, gene loss, and gene gain [8–17]. Gene change can involve a single nucleotide
polymorphism (SNP), or genome rearrangement that can change the gene or its local
environment, which affects various aspects of its expression [8]. For example, SNPs
from a worldwide collection of strains suggest that Yersinia pestis, the causative agent of
plague, originated from China and diversified to country-specific lineages [9]. Yersinia
pestis also contains a large number of genome rearrangements apparently mediated by
insertion sequence elements (ISEs) [12]. As it is known that the expression of bacterial
genes is influenced by their orientation, rearrangements likely have contributed to the
altered virulence or the lifestyle of the various lineages [10, 16]. On the other heand,
genome loss often accompanies and can shape the adaptation of bacteria to particular
hosts as well. Intriguing snapshots of genome decay can be observed in recently emerged
host-restricted pathogens from free-living non-pathogens, such as Mycobacterium leprae
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[11], Y. pestis [12], and Salmonella enterica serovar Typhi [13].

Finally, genetic

materials that are acquired from different origins via horizontal gene transfer (HGT) also
can contribute to rapid adaptations [14, 17]. Horizontal gene transfer is mediated by
mobile elements, such as plasmids and bacteriophages [8]. Many studies have suggested
extensive HGT in many pathogens, such as Escherichia coli [5], Haemophilus influenzae,
and Neisseria meningitides [15], and that acquisition of new genes influences virulence
and host adaptation [6, 18–20].
The concept of an ‘Open’ pan-genome emerged from the observation that each
newly sequenced strain added a new set of novel genes to the pan-genome of the species
[21–24]. Since E. coli colonizes multiple environments and has several mechanisms to
exchange genetic materials, it was suggested to have an open pan-genome, with new
genes being added via HGT. In fact, the E. coli pan-genome size is calculated to be about
12,000 gene families although only about 17% of them are conserved in all 32 sequenced
genomes [5]. Recent analysis suggests the growth rate of “open” pan-genome size varies
by organism, with many species having genomes that close gradually with additional
sequenced genomes but are still defined as open [25, 26]. For example, Staphylococcus
aureus has only 3,221 gene families defined within the pan-genome, and approximately
70% of them are conserved in 17 available strains [26]. Other species, such as Bacillus
anthracis, are defined as having ‘closed’ pan-genomes because they can be fully
described by a finite number of genomes; for example, of the B. anthracis genomes
almost all the gene families are conserved in 4 sequenced genomes [27]. Some hallmarks
of bacterial species with closed genomes are that these species usually have restricted
host or environmental niches, or rarely acquire foreign genetic materials [28]. Due to the
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plasticity of bacterial genomes, determining the pan-genome of the bacterial species and
adding functional relevance to genomic differences are critical to understand bacterial
evolution, adaptation, and virulence phenotypes.
The bordetellae
Bordetella is a genus of small, Gram-negative coccobacilli and contains nine
species; B. ansorpii, B. avium, B. hinzii, B. holmesii, B. petrii, B. trematum, B.
bronchiseptica, B. parapertussis, and B. pertussis [29]. Three of these species are so
closely related that they are considered subspecies, and are referred to as the “classical
Bordetella”; B. pertussis, B. parapertussis and B. bronchiseptica [30].

These three

species present an outstanding experimental system because, although they are highly
similar at the DNA sequence level, they vary in critical aspects of bacterial pathogenesis,
including host specificity, disease severity, and infection duration (acute versus chronic)
[7]. For example, B. bronchiseptica colonizes the respiratory tracts of a broad range of
mammalian hosts, including humans, and causes infections ranging from lethal
pneumonia to asymptomatic respiratory carriage [7, 31].

B. pertussis and B.

parapertussishu, the causative agents of whooping cough in humans, are believed to have
evolved from B. bronchiseptica-like progenitor [32]. Additionally, B. parapertussis is
compromised of another distinct lineage only isolated from sheep, which is designated B.
parapertussisov [33]. The very close evolutionary relationship between these subspecies
and the diversity of their interactions with various hosts provides an opportunity to
explore the evolutionary genetic basis for changes in important pathogen characteristics.

5

Prevalence
B. pertussis and B. parapertussishu are the causative agents of whooping cough or
Pertussis in humans [32]. Pertussis causes 30-50 million cases and 300,000 deaths every
year, and over 90% of these cases occur in developing countries [34, 35].

The

introduction of a whole cell DTP vaccine (a mixture of three vaccines for diphtheria,
tetanus, and Pertussis) in 1940s significantly reduced whooping cough, but due to
reactogenicity concerns an acellular Pertussis vaccine containing purified components
was introduced in the 1990s [36]. Today, Pertussis is still one of the leading causes of
vaccine-preventable deaths throughout the world [37], with recent epidemics in Australia,
the United Kingdom, New Zealand, and Canada [38–40]. Even in the United States, the
number of Pertussis cases reported to the CDC has increased ten-fold in the last thirty
years, despite widespread vaccine coverage [37]. In 2010, a major Pertussis outbreak of
27,550 cases occurred in the US, causing 10 deaths in California alone [41, 42]. In 2012,
49 states have reported increased Pertussis cases compared to 2011, with more than
36,000 whooping cough cases and 16 deaths being reported to CDC [41].
B. bronchiseptica has been associated with respiratory diseases of various
mammals, including dogs, monkeys, cats, rabbits, guinea pigs, swine, mice, horses, and
even humans [43–45]. It is estimated that B. bronchiseptica has a significant impact on
agriculture, in the form of loss of animals due to infection. For example, over a 6-year
period between 2003 and 2008, the average isolation rate was 18.6% from approximately
3,500 pig lung samples in China [46]. Additionally, B. bronchiseptica is the fourth most
frequently isolated pathogenic bacterium from pig lung samples, following Streptococcus
suis, Haemophilus parasuis, and E. coli [46]. In another study where seroprevalence was

6

used to estimate the proportion of animals that had been infected with B. bronchiseptica
in their life, infection ranged from 24% to 87% in a cat population [47, 48]. Huge
economic losses from bordetellosis have occurred from infected swine, dogs, cats, and
laboratory animals, and B. bronchiseptica is thought to be highly prevalent in these
animal groups [43].
To sum up, the classical bordetellae are very closely related and very successful,
being prevalent in both human and animal populations. Thus, they present a powerful
system in which to study the effects of recent genomic changes on some of the most
important characteristics of bacterial pathogens, including host range, persistence and
virulence.
Bordetellae genomes
In 2003, Parkhill et al. published the first comparative genomic analysis of B.
pertussis, B. parapertussishu, and B. bronchiseptica [7]. Since then, B. petrii [49], B.
avium [31], and seven B. pertussis strains [50, 51] have been sequenced. Comparing B.
bronchiseptica and B. parapertussishu revealed a large degree of collinearity, with
rearrangements between insertion sequence elements (ISEs) IS 1001 and IS 1002 in B.
parapertussishu [7]. B. pertussis showed more extreme rearrangements compared to B.
parapertussishu and most of the rearrangements were bounded by IS 481. B. pertussis
appears to have undergone expansion of IS 481 and subsequently a large amount of ISEmediated rearrangements and deletions [7]. A comparison of the gene complements of
these three species also supports the view that B. pertussis and B. parapertussis evolved
independently from a B. bronchiseptica-like organism primarily via gene deletion [7].
Many genes that are involved in transport, small-molecule metabolism, regulation, and
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surface structures have been inactivated by insertion of ISEs, in-frame stop codons or
frameshifts in both B. pertussis and B. parapertussishu. Similar genome decay has been
associated with host restriction in many other pathogens, including Y. pestis [12, 52] and
Burkholderia mallei [53].
B. bronchiseptica RB50 has the biggest genome (~ 5.3 Mb) compared to B.
parapertussis 12822 (~ 4.8 Mb) or B. pertussis Tohama I (~ 4.1 Mb) [7]. Contrary to
other bacterial species, there is little evidence of acquisition of genes by these species [7,
54]. Conversely, gene inactivation and deletion have played bigger roles in the two
derivative species, B. pertussis and B. parapertussishu [7]. The loss of extra-host survival
genes and increased virulence of B. pertussis and B. parapertussishu can be explained by
the hypothesis that high host (human) population size and density allows for a “closed”
life cycle, removing the need to survive in the other environments [7, 55].
B. petrii is the only environmental species in the genus Bordetella [49, 56].
Phylogenetically, it connects the free-living environmental bacteria of the genera
Achromobacter and Alcaligenes to the host-restricted obligate pathogenic bordetellae
[49]. B. petrii has a genome size (5,287,950bp; 5,034 CDSs) comparable to that of B.
bronchiseptica. Interestingly, the B. petrii genome contains seven laterally acquired
genomic islands, four of which are related to the clc element of Pseudomonas
knackmussii B13 which encodes proteins involved in the biodegradation of
chloroaromatics [57]. Other genomic islands encode conjugal transfer systems similar to
the type IV secretion systems. Additionally, 22% of the B. petrii genome represents IS
elements and prophages; however, most of them are not related to the other bordetellae
genomes. The B. petrii genome contains several putative virulence factors, including
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adhesins (i.e. filamentous hemagglutinin, fimbriae) and a master virulence regulator
(termed Bvg), but lacks Bordetella toxins. This suggests that pathogenic bordetellae
might have acquired their toxin genes horizontally, or toxin genes have been lost in B.
petrii lineages [49].
B. avium has a smaller genome (3,732,255bp; 3,417 CDSs) than B.
bronchiseptica. However, over 1,000 genes are present in B. avium, but not in B.
bronchiseptica, mostly predicted to encode surface or secreted proteins, including various
fimbriae, autotransporters, and unique hemagglutinins that are thought to be involved in
adaptation to the avian respiratory tracts [31]. The B. avium genome is missing the genes
encoding Pertussis Toxin and Adenylate Cyclase Toxin, and no other putative toxin
genes were identified. Overall, about 30% of the predicted genes in B. avium were not
present in B. bronchiseptica strains, suggesting a distant relationship between B. avium
and the classical bordetellae, and diversity in the genus Bordetella [31].
In 2010, six more B. pertussis genomes from the pre-vaccine and post-vaccine era
in the Netherlands were sequenced [50]. There was no evidence of acquisition of novel
genes in these strains.

However, within these genomes and the B. pertussis reference

genome, Tohama I, 471 SNPs have been identified in ORFs and intergenic regions.
Among them, 34 SNPs and indels were in pathogenicity-associated genes and promoter
regions, suggesting structural and regulatory roles in adaptation [50]. Post-vaccination
genomes are significantly different from pre-vaccination genomes phylogenetically, and
it has been suggested that gene loss, accumulation of SNPs, and differences in gene
regulation have contributed to diversity and host adaptation in B. pertussis [50, 58].
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Evolution of the bordetellae
Like B. pertussis, both human- and sheep-associated clades of B. parapertussis
evolved independently from a common B. bronchiseptica-like ancestor [59]. Based on
multi-locus sequence typing (MLST) of seven housekeeping genes and comparative
genomic hybridization (CGH), 132 mammalian Bordetella strains have been classified
into four different complexes [32]. Complexes II and III contain B. pertussis and B.
parapertussishu strains, respectively, but B. bronchiseptica strains were divided into two
different complexes, complexes I and IV. Complex I contained B. bronchiseptica strain
RB50 as well as B. parapertussisov Bpp5, while complex IV strains were mostly (~80%)
isolated from humans, and were more closely related to B. pertussis strains than complex
I strains [32]. Similar to the MLST tree, the phylogenetic tree based on the pertactin gene
(prn) shows that B. bronchiseptica complex IV and B. pertussis strains clustered together
and B. parapertussishu strains clustered with B. bronchiseptica complex I strains,
suggesting that adaptation to humans occurred in two independent events [7, 32, 59].
This insight has prompted the additional sequencing of one or more complex IV strains in
the hopes that surveys of these B. bronchiseptica strains isolated from human populations
may give us more insights into host adaptation and immune competition.
Virulence factors
During the course of infection, bacteria adhere to the ciliated epithelial cells and
express multiple virulence factors to colonize the upper respiratory tract. Secreted toxins
damage the host cells and allow bacteria to evade the host immune response by inhibiting
immune cell functions [60].

Multiple virulence factors are present in the classical
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bordetellae, and variations in these factors may have a direct effect on the interaction
with different hosts (Figure 1-1) [7].

Figure 1-1. The classical bordetellae virulence factors. B. pertussis, B. parapertussis, and B.
bronchiseptica share several virulence factors, including Dermonecrotic Toxin (Dnt),
Filamentous Hemagglutinin (FHA), Tracheal Colonization Factor (TcfA), Bordetella resistant to
killing protein (BrkA), Fimbriae (Fim), Adenylate Cyclase Toxin (ACT), Type III Secretion
System (TTSS), Type VI Secretion System (T6SS), Pertussis Toxin (Ptx), Pertactin (PRN), and
O-antigen. Modified from A.T. Karanikas.

It has been shown that the pertussis toxin (Ptx), which is an important colonizing
factor and an exotoxin, is secreted through Type IV Secretion System (T4SS) exclusively
by B. pertussis [7, 61]. Ptx is a hexamer with AB5 structure, comprised of A, subunit S1,
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and a pentamer B with S2, S3, two of S4, and S5. Ptx shares structural homology with
other bacterial toxins, such as cholera toxin of Vibrio cholerae and shiga toxin of Shigella
dysentriae [62, 63]. Subunit A has the ADP-ribosyltransferase activity, which increases
cAMP level and disrupts host cellular functions, such as bacterial engulfment and killing
[64, 65]. Also, subunit B has the ability to bind the toxin to the surface of the host cells
[66, 67]. Production of Ptx in B. parapertussishu and B. bronchiseptica has not been
confirmed. Although ptxB is a psuedogene in B. parapertussishu, all the genes are intact
in B. bronchiseptica.

Additionally, recent promoter mutations in B. pertussis have

increased pertussis toxin expression and have been associated with increased virulence in
humans [7].
Another major type of virulence factor expressed by the bordetellae is secretion
systems. Six secretion systems have been identified in the bordetellae, including a T1SS
that has been shown to transport adenylate cyclase toxin (ACT) [68], and a T2SS that is
involved in exporting fimbriae subunits [68]. Additionally, T3SS and T4SS have been
associated with secreting effectors, such as Bordetella T3SS effector A (BteA) [69] and
Ptx, respectively [70]. While B. pertussis has been shown to have a T3SS locus, only B.
bronchiseptica has a confirmed functional T3SS, which is known to cause host cell death
and immunosuppression. The T5SS is required to transport virulence factors, such as
filamentous hemaglutanin (FHA), pertactin (PRN), and tracheal colonization factor
(TCF) [68]. Lastly, the most recently identified secretion system is the T6SS, and we
have shown that T6SS is required for colonization and cytotoxicity toward macrophages
and dendritic cells by B. bronchiseptica [71]. Intriguingly, this secretion system is absent
from the B. pertussis genome completely, while present in both B. bronchiseptica and B.
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parapertussis. Since many secreted proteins are virulence factors, knowledge of the
mechanism of these secretion systems will contribute to our understanding of
pathogenesis in bordetellae.
Another virulence factor which B. pertussis does not contain is O-antigen, the
membrane-distal region of the LPS molecule that likely participates in host-bacteria
interactions [72]. Studies have shown that O-antigen is required for the virulence of B.
bronchiseptica and B. parapertussis by preventing complement-mediated killing, but is
not critical for B. pertussis to infect humans [7, 72, 73]. In addition, O-antigen has been
shown to be critical for B. parapertussis to evade B. pertussis-induced immunity and thus
circulate in immune populations [74]. Recently a new O-antigen type was identified that
did not induce any measurable antibody response [75]. This poorly immunogenic Oantigen identified in a complex IV strain could allow for circulation in B. parapertussis
and B. pertussis immune populations via evasion of cross-reactive antibodies [32, 74–77].
Thus, Bordetella O-antigens, similar to Vibrio cholerae and Salmonella, likely display
antigenic variations in order to evade cross immunity in immune populations [78–80].
However, the O-antigens are not as diverse as Vibrio cholerae and Salmonella, since the
classical bordetellae has shown less overall acquisition of foreign genetic material
compared to other bacteria [7, 54].
Adhesins, including filamentous hemagglutinin (FHA) and fimbriae (Fims), are
present in all three species, and are critical for colonization and infection of the upper
respiratory tract [61]. Additionally, fimbriae are believed to contribute to persistent
infection and synergistic action with FHA [64]. Autotransporters, such as pertactin
(PRN) and tracheal colonization factor (TcfA), target the ciliated epithelial cells in the
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bronchial tract are thought to be important for efficient respiratory tract colonization by
the bordetellae [44]. Also, Bordetella resistance to killing (BrkA) is homologous to PRN
and TcfA, but yet only confers resistance to killing by the antibody-dependent
complement pathway [81]. While ACT and Ptx are an important invasive toxin secreted
by the bordetellae, dermonecrotic toxin (Dnt) induces inflammation and dermonecrotic
lesions in the respiratory tract [82].

In conclusion, understanding the variations in

virulence factors differentially produced by the classical bordetellae will give us insight
into the possible basis for differences in host range, persistence and/or virulence
phenotypes among strains. Also, the identification of new virulence factors by relating
phenotypic diversity to differences in the sequenced genomes will further help us define
the molecular basis of bacterial pathogenesis of this genus.
Interdisciplinary analysis
In the now classic approach of fulfilling the molecular version of Koch’s
postulates the field of bacterial pathogenesis has focused on individual components of
microorganisms. However, many studies have shown very complex interactions between
different bacteria [83–85], between bacteria and environments [86, 87], and even within
one bacterium [88–90]. In order to comprehend a single bacterium fully, we need to
understand the interplay of its genes and proteins, and how the bacterium responds to
other bacteria, environments, and hosts [91]. Thus, the field of microbiology has been
embracing a systems perspective and using interdisciplinary approaches to comprehend
microbial communities, as well as for understanding a single bacterial entity [91], which
has led to breathtaking strides.
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In silico is an expression used to mean performed on computer or via computer
simulation [92].

Using high-throughput sequencing, we now can analyze tens and

hundreds of genomes simultaneously. These genomic, transcriptomic, or proteomic data
can help us understand host-pathogen interactions, for example by identifying candidate
genes that are differentially regulated during such interactions [93–95]. This allows in
silico approaches that can speed the rate of discovery while reducing the need for
expensive lab work [91].
In vitro studies in experimental biology are defined as conducting experiments
with components of an organism that have been isolated from biological surroundings
[92]. The advantage of in vitro work is that it simplifies the system under study so that
researchers can focus on a small number of components. For example, using protein
purification, we can isolate specific proteins of interest from a complex mixture of
proteins, and study the role of specific proteins in host-pathogen interactions predicted
from in silico analysis [96].
In vivo is defined as experimentation using a whole, living organism [92]. One
cannot examine bacteria genome on a computer screen and deduce its pathogenesis.
Doing experiments, especially in vivo, is still necessary to confirm bacterial pathogenesis,
even in the post-genomic era [97].

The use of model organisms to validate the

predictions of in silico and in vitro analysis with in vivo experiments, is important
because the knowledge of biological systems cannot be considered independent of the
system in which it naturally occurs [98].
Thus, the combination of in silico, in vitro, and in vivo approaches is critical to
understand host-pathogen interactions. This dissertation mainly focuses on in silico
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analysis of eleven classical bordetellae genomes, including newly sequenced genomes.
However, this work has been performed in close collaboration with in vitro and in vivo
work in Dr. Harvill’s lab that has allowed validation of the prediction from in silico
analysis.
Preface
All the studies contained in this dissertation revolve around one central
hypothesis; adaptation of the classical bordetellae to different hosts led to genomic and
transcriptomic differences that can account for measurable differences in virulence
phenotypes. We address this using a variety of approaches, such as comparative genomic
analysis of eleven closely related Bordetellae genomic sequences, and investigating the
genomic differences in secretion systems in the classical bordetellae. Additionally, we
analyze the acquisition of O-antigen genes via HGT, a rare event in the bordetellae as no
other such acquisitions have been noted within these three species. Also, we determine
the advantage of having different O-antigen types using an in silico, in vitro, and in vivo
based approach.
The first chapter starts with comparative genomic and phylogenomic analyses of
seven newly sequenced diverse Bordetella strains compared to previously sequenced
genomes. We predict the pan-genome of the classical bordetellae and suggest substantial
diversity of genome content in these closely related pathogens that may relate to their
diverse host ranges and virulence characteristics. We also suggest that in key virulence
factors, multiple mechanisms, such as point mutations, gain or loss of genes, as well as
HGT, contribute to the phenotypic diversity of these versatile subspecies in various hosts.
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The next chapter focuses on the specific secretion systems (TSS), which are
important virulence factors in the classical bordetellae. Comparative genomic analysis
suggests that there are similarities and differences in each secretion system of the
classical bordetellae compared to other bacteria. In addition, there are varying selective
pressures on different secretion systems, and phylogenetic analysis confirms the diverse
evolutionary history of the various secretion systems. This proposed evolutionary history
of TSS in bordetellae will provide us with hypotheses about why these loci have changed
so dramatically among these closely related pathogens and how those changes have
affected the contributions of these loci to bordetellae pathogenesis.
The next chapter focuses on another phenotypically important virulence factor in
the classical bordetellae, O-antigen.

Using comparative genomic and phylogenomic

analyses of the diverse classical Bordetella O-antigen locus, strong evidence of HGT
within this locus is combined with in vitro and in vivo experiments. The evidence of the
selective advantage of an altered O-antigen explains the three antigenically distinct types.
This study provides a potential mechanistic explanation for why lateral gene transfer
might be observed in these genes in bacteria in which there is limited evidence of HGT.
The last chapter will summarize the overall findings of each chapter and discuss
the significance of the work to a broader audience in the centralized theme of genomics
in understanding host adaptation and bacterial diversity, as well as the future directions of
these studies.
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Abstract
The classical Bordetella subspecies are phylogenetically closely related, yet differ
in some of the most interesting and important characteristics of pathogens, such as host
range, virulence and persistence. The compelling picture from previous comparisons of
the three sequenced genomes was of genome degradation, with substantial loss of
genome content (up to 24%) associated with adaptation to humans.
For a more comprehensive picture of lineage evolution, we employed
comparative genomic and phylogenomic analyses using seven additional diverse, newly
sequenced Bordetella isolates. Genome-wide single nucleotide polymorphism (SNP)
analysis supports a reevaluation of the phylogenetic relationships between the classical
Bordetella subspecies, and suggests a closer link between ovine and human B.
parapertussis lineages than has been previously proposed. Comparative analyses of
genome content revealed that only 50% of the pan-genome is conserved in all strains,
reflecting substantial diversity of genome content in these closely related pathogens that
may relate to their different host ranges, virulence and persistence characteristics.
Strikingly, these analyses suggest possible horizontal gene transfer (HGT) events in
multiple loci encoding virulence factors, including O-antigen and pertussis toxin (Ptx).
Segments of the pertussis toxin locus (ptx) and its secretion system locus (ptl) appear to
have been acquired by the classical Bordetella subspecies and are divergent in different
lineages, suggesting functional divergence in the classical bordetellae.
Together, these observations, especially in key virulence factors, reveal that
multiple mechanisms, such as point mutations, gain or loss of genes, as well as HGTs,
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contribute to the substantial phenotypic diversity of these versatile subspecies in various
hosts.
Introduction
The genus Bordetella contains nine designated species, three of which are so
closely related that they are considered subspecies and are referred to as the “classical
Bordetella”; B. pertussis, B. parapertussis and B. bronchiseptica [1]. These three present
an outstanding experimental system because, although they are highly similar at the DNA
sequence level, they vary in critical aspects of bacterial pathogenesis, including host
specificity, severity of diseases, and duration of infections (acute versus chronic) [2]. For
example, B. bronchiseptica causes infections ranging from lethal pneumonia to
asymptomatic respiratory carriage [2] and chronically colonizes the respiratory tracts of
various mammalian hosts, with some lineages primarily isolated from humans [3]. B.
pertussis and B. parapertussishu, which are thought to have evolved independently from a
B. bronchiseptica-like progenitor [4], are causative agents of whooping cough in humans.
Another distinct lineage only isolated from sheep has been designated B. parapertussisov
[5]. The very close evolutionary relationship between these subspecies and the diversity
of their interactions with various hosts provides an opportunity to explore the
evolutionary genetic basis for changes in important pathogen characteristics.
The prior description of a single genome of each of the classical Bordetella
subspecies reported an extensive number of gene inactivations, deletions and genomic
rearrangements, as associated with host-adaptation of other pathogens, such as Yersinia
pestis [2]. However, unlike Y. pestis and E. coli, there is limited evidence of gene
acquisition amongst the Bordetella species.

Microarray-based comparative genome
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hybridization (CGH) has suggested that the more distantly related B. holmesii may have
obtained some genes from B. pertussis, but did not reveal evidence of gene acquisition or
exchange within the classical bordetellae [6]. We have previously reported evidence that
the distributions of subsets of the O-antigen encoding genes correlate with O-antigen
type, but not with MLST-based phylogeny of B. bronchiseptica strains [7]. However,
genomic-signatures associated with horizontal gene transfer (HGT) events have not been
described for the classical bordetellae. Furthermore, the genomic plasticity of these
pathogens, which is related to novel gene acquisition [8], has not been investigated.
Understanding the pan-genome of the classical bordetellae and identifying genes that
may have been acquired at important points in their natural evolutionary history will
provide insight into the potential role of HGTs in their past and ongoing evolution.
In this study, we sequenced seven divergent classical Bordetella isolates,
including five B. bronchiseptica complex I (non-human) and IV (human) strains, one B.
parapertussisov (sheep) strain, and one B. pertussis (human) strain. Phylogenetic trees of
the classical bordetellae based on genome-wide single nucleotide polymorphism (SNP)
data provide a more detailed and robust view of their genetic relationship, as well as
some new insights. For example, a shared evolutionary history for B. pertussis and B.
bronchiseptica complex IV strains, and a closer relationship between B. parapertussis
isolates of ovine and human sources.

Genome content analyses revealed that only

approximately 50% of genes are shared by all strains in the core genome consisting of
2,857 gene families. Variably present genes encode a range of functions, including many
potential virulence factors, in a pan-genome of at least 5,558 gene families. Notably,
mathematical analysis of these genomes suggests that the classical bordetellae pan-
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genome is “open” with limited gene acquisition. Additional evidence of HGT events are
identified within the loci of genes required for Pertussis Toxin (Ptx) assembly and
secretion, suggesting that HGT, followed by divergent evolution, contribute to strain
diversity and host adaptation of the classical Bordetella subspecies.
Materials and Methods
Sequencing and assembly of genomes
The genomes of Bpp5 (accession number HE965803, plasmid accession number
HE965804), 253 (accession number HE965806), MO149 (accession number HE965807),
also known as D444, and 18323 (accession number HE965805) were sequenced to
approximately 9-fold coverage (or 6-fold for 18323) by shotgun sequencing from two
genomic shotgun libraries, pMAQ1Sac_BstXI (with insert sizes of 6-9kb) and pOTWI2
(with insert sizes of 4-5kb; 5-6kb), that were sequenced using big-dye terminator
chemistry on ABI3730 automated sequencers [20]. End sequences from large insert
fosmid libraries in pCC1FOS with an insert size of 38-42kb were used as a scaffold. This
generated approximately 0.2- to 0.4-fold coverage. The assembly was generated using
phrap2gap. All repeat regions and gaps were bridged by read-pairs or end-sequenced
polymerase chain reaction (PCR) products that were again sequenced with big dye
terminator chemistry on ABI3730 capillary sequencers. The sequences were manipulated
to the ‘Finished’ standard for Bpp5, MO149, and 18323 or to the ‘Improved High Quality
Draft’ standard for 253 [54]. The genomes of D445 (accession number HE983627) and
Bbr77 (accession number HE983628) were sequenced on both the Illumina GAII
platform (54bp paired end library) and the Roche 454 machine using GSFLX Titanium
chemistry (3kb insert paired end library) [16]. The Illumina data were assembled using
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Velvet [55] at a k-mer value of 39 or 31, respectively. This assembly was then shredded
and combined with 454 data using Newbler [17, 18].
The genome of 1289 (accession number HE983626) was sequenced using the
Roche 454 GSFLX sequencing platform [12, 56] and assembled using Newbler [17, 18],
which resulted in 32-fold coverage and 133 contigs. The order of these contigs was
determined by using RB50 as a reference genome. Gaps were closed by using sequences
from PCR amplification of gap regions generated using big dye terminator chemistry on
an ABI3730 capillary sequencer, and were assembled using PHRED, PHRAP, and
CONSED [57–59], sequences generated from a 76bp paired end library using a GAIIX
[16] (resulting in 188-fold coverage), and sequences generated from a 3kb insert paired
end library using a GSFLX platform [17, 18]. These long-tag paired end reads and
optical maps [19] (OpGen, Gaithersburg, MD) were used as scaffolds to identify and
correct misassemblies and verify the final assembly.

SNP sequencing errors were

corrected by mapping the sequences generated by the GAIIX to the final genome
assembly using inGAP [60]. The final draft of the 1289 genome consists of seven
ordered contigs, covering >99.99% of the genome.
Annotation of genomes
Both RAST [61] and an automated annotation transfer tool at the Sanger Institute
(unpublished) were used to annotate the finished or draft genomes of MO149, 1289, 253,
D445, Bbr77, Bpp5, and 18323. The annotation tools were also used to annotate the
ptx/ptl loci of six B. pertussis genomes (B0558, B1193, B1831, B1834, B1917, and
B1920).

We used RAST results for the novel regions that were not automatically

transferred from the reference genomes, RB50, 12822, and Tohama I, based on their
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species classification. Each novel gene prediction was also curated with BLAST [62] and
FASTA [63] results, and Pfam [64] and Prosite [65] were used to identify protein motifs.
Transmembrane domains, signal sequences, and rRNA genes were identified with
TMHMM [66], SignalP [67], and BLASTN [62], respectively. ISFinder was also used to
detect Insertion Sequence (IS) elements in the genomes [68]. Manual curation was done
with these novel regions using Artemis [69] and Artemis Comparison Tool (ACT) [70].
Pan-genome analysis
Coding sequences were extracted from the eleven classical Bordetella genomes as
well as B. petrii and B. avium genomes, and orthologous gene families were determined
using OrthoMCL [22, 23], which defines putative pairs of orthologs based on reciprocal
all-against-all BLASTP [62] with a cutoff E-value of 10-5, over 70% length coverage, and
at least 70% identity. The orthologs are then clustered using Markov cluster algorithm.
When gene families were not clustered and had no BLAST hits, they were considered
strain specific gene families. The results of OrthoMCL were converted to a pan-genome
matrix profile for further analysis. A pan-genome matrix was constructed with each
column as a genome and each row as a gene family. Cell (i,j) in the matrix is 1 when
gene family “i” is present in genome “j”, or 0 when gene family is absent. A graphical
representation of the classical bordetellae pan-genome (Figure 2-1) was created using the
Circos software [21].
The sequential inclusion of up to eleven strains (eleven columns in a pan-genome
matrix) was simulated in all possible combinations (N = 11!/[(n-1)!*(11-n)!]).

The

number of new gene families, the core genome, and pan-genome size were estimated
using methods adapted from Tettelin et al. [26]. The R [71] function nls was used for
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non-linear least squares regression on the mean of the new gene families, core gene
families, and pan-genome distributions. The number of expected new gene families and
core gene families (n) determined by sequencing an Nth genome was modeled by the
power law function n = !N-", and the pan-genome size (n) by a power law n = !N#. For
estimation of novel gene families, the functions were fit to the mean values for all N # 4,
when there are more than 6 genomes to avoid the left side bias that could skew the
results.
Gene content tree
Hierarchical clustering was performed for the complete pan-genome matrix using
pvclust in R [71], modified from Lukjancenko et al. [72].

The dendrogram was

generated by hierarchical clustering with complete linkage method and Manhattan
distances using R [71]. Bootstrap values were computed by resampling the rows of the
matrix 1,000 times.
Virulence factor comparison
Genes and the loci that encode the known virulence factors, filamentous
haemagglutinin (FHA), fimbriae (Fims), pertactin (PRN), tracheal colonization factor
(TcfA), invasive adenylate cyclase/haemolysin (ACT), dermonecrotic toxin (Dnt),
pertussis toxin (Ptx), Bordetella resistance to killing (BrkA) [29], O-antigen [30], Type
III secretion system (TTSS) [31], and Type VI secretion system (T6SS) [32], were
compared among the eleven genomes via ACT [70]. Percent sequence similarity was
calculated based on RB50 sequences with BLASTN [62], and genes that either contain a
frame-shift mutation or an in-frame stop codon, or that are absent were highlighted with
different colors in the heatmap that was generated by R [71]. The phylogenetic tree
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(Gene content tree) based on the presence and absence of each gene family in the pangenome, excluding strain-specific genes, was superimposed on the heatmap.
SNP analysis
All seventeen (B. bronchiseptica strains: 253, 1289, D445, Bbr77, and MO149, B.
parapertussis strains: 12822 and Bpp5, B. pertussis strains: Tohama I, 18323, CS, B0558,
B1193, B1831, B1834, B1917, and B1920, and B. petrii strain DSM 12804) genomic
sequences were randomly shredded into 54bp long reads and mapped onto the reference
genome (RB50), using Ssaha v2.2.1 [73]. High quality candidate SNPs were identified
using ssaha_pileup, and 128,752 SNP sites were identified in at least one strain based on
RB50. Phylogenetic trees were constructed with RAxML v7.0.4 [74] for all SNP sites in
the reference genome, using a General Time Reversible (GTR) model with a gamma
correction for among site rate variation and ten random starting trees [75].
dN/dS Analysis
The available Bordetella genomes were aligned onto the reference genome
(RB50) using MAUVE aligner with default parameters [76]. Orthologous sequences
were extracted from the alignments using gene coordinates defined in RB50 and
processed to cover the entire coding regions of each individual genome, excluding
pseudogenes.

The nucleotide sequence alignments were later refined using their

corresponding amino acid sequence alignments. dN and dS values were computed using
PAML package [77] with the Nei-Gojobori method [78].
HGT Detection
Putative horizontally acquired regions in the eleven classical Bordetella strains
were predicted by Alien_hunter, which is able to detect genomic regions that may
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originate from foreign sources using Interpolated Variable Order Motifs (IVOMs) [41].
For the phylogenetic tree comparison, multiple alignments of individual genes and the
entire ptx/ptl loci were generated by the MEGA5 software [79], and maximum likelihood
trees were constructed with a Tamura-Nei model and 1,000 bootstrap replicates.
Results
Sequencing of seven new classical Bordetella genomes
In 2003, Parkhill et al. published the first comparative genomic analysis of B.
pertussis, B. parapertussis, and B. bronchiseptica [2]. Since then, B. petrii [9], B. avium
[3], and seven B. pertussis strains [10, 11] have been sequenced. Here, we sequenced
seven divergent classical Bordetella strains, including five B. bronchiseptica strains
isolated from both human and non-human hosts (strains 253, 1289, MO149, Bbr77, and
D445), one B. parapertussis ovine strain (Bpp5), and one B. pertussis strain (18323) to
comprehensively examine the evolutionary relationships of the classical bordetellae
(Table 2-1).
B. bronchiseptica strain 1289 was sequenced and assembled at the Pennsylvania
State University using Illumina [16], 454 with GSFLX Titanium chemistry [17, 18], and
optical maps [19] from OpGen (Gaithersburg, MD).

The other six strains were

sequenced at the Sanger Institute. The genomes of Bpp5, 253, MO149, and 18323 were
sequenced to approximately 6 to 9-fold coverage with ABI3730 sequencers [20]. The
genomes of D445 and Bbr77 were sequenced on Illumina [16] and 454 [17, 18]. Read
assembly resulted in finished genomes of MO149, Bpp5, 1289 and 18323, 4 contigs in
253, 11 scaffolds in D445, and 16 scaffolds in Bbr77. The sum of the contig or scaffold
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lengths ranged from 4.1 Mb to 5.2 Mb, which is comparable to genome sizes of
previously sequenced strains.
Table 2-1. Summary of sequenced strain information. Strain name, sequence type based on
MLST (ST), species, host, isolation location, isolation year, complex based on MLST [4], and
references for each strain are summarized.

These new genomes and previously sequenced genomes share similar
characteristics, such as G+C content, number of rRNA operons, or tRNAs (Table 2-2).
The B. bronchiseptica strains have the largest genomes (~5.2MB), followed by B.
parapertussis strains (~4.8MB) and B. pertussis strains (~4.1MB), as previously observed
[2]. This work confirmed the presence of different Insertion Sequence (IS) elements in
different species [5]. Overall, even though these strains have shown diverse phenotypes
in the mouse model of infection [2, 4, 12–15] and were isolated from different hosts, they
appear to share similar genomic organization and characteristics.
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Table 2-2. Summary of sequenced genome annotation information. Strain name, number of
contigs or scaffolds, genome size (bp), gaps (Ns), G+C content (%), number of predicted coding
sequences (CDSs), number of pseudogenes, number of CDSs with Ns due to sequence gap,
average gene size (bp), percentage of all coding sequences, number of rRNA operons, number of
tRNAs, and number of each IS elements are summarized.

B. pertussis strains (Tohama I, 18323, and CS) contained no novel genes except
transposases or insertion elements, confirming that B. pertussis has evolved from a B.
bronchiseptica-like ancestor by genome decay (Figure 2-1). While we did not observe
many genome rearrangements between Tohama I and CS, extensive genome
rearrangement distinguishes Tohama I and 18323 (unpublished). More phage-related and
membrane protein encoding genes are present in B. bronchiseptica non-human isolates
(RB50, 253, and 1289), while more transposases are present in B. bronchiseptica humanisolated strains (D445, Bbr77, and MO149). Notably, a locus novel to the classical
bordetellae was observed in both D445 (D445_1578 – D445_1707) and Bbr77
(Bb77_4113 - Bbr77_4216) strains. This locus is also present in B. petrii and includes a
Type IV secretion system-like locus, which is being further investigated (unpublished).
B. parapertussisov Bpp5 strain has about 150 strain-specific gene families comprised
mostly of hypothetical proteins, phage-related proteins, and putative secreted proteins.
Comparing the two lineages designated B. parapertussis, there are about 300 gene
families that are present in either B. parapertussishu or B. parapertussisov, but not both.
Most of these gene families are shared with B. bronchiseptica strain RB50 and include
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exported proteins, hypothetical proteins, and membrane proteins.

While B.

parapertussishu 12822 is missing the locus encoding a putative type II secretion system,
B. parapertussisov strain Bpp5 is missing the locus encoding flagella. Furthermore, Bpp5
has a unique 12KB plasmid containing genes predicted to encode proteins involved in
partition, replication, plasmid conjugal transfer, mobilization and transcriptional
regulation. We have not observed this plasmid in any other classical Bordetella strains.

Figure 2-1. Comparative genome content of eleven classical Bordetella strains. The outermost
circle indicates the predicted functional categories of each gene families in the pan-genome.
Species-specific gene families are individually blocked with black line (B. bronchiseptica, B.
parapertussis, and B. pertussis). Internal circles indicate the presence (solid color) or absence
(unfilled) of each gene family in each strain examined. Circles from outer to inner are started with
B. bronchiseptica strains followed by B. parapertussis strains and B. pertussis strains. Gene
families that are shared in all strains are in the region A, while gene families that are not
conserved in all strains are in the region B, C, and D. Region C indicates the phage encoding
gene families that are only present in RB50. This figure was created using the Circos software
[21].
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The classical Bordetella pan-genome and core genome
To determine the global gene repertoire (pan-genome) and the universally shared
“core” genome, we identified orthologous gene families using OrthoMCL [22, 23] using
all of the published Bordetella genomes that have manually curated annotations (RB50,
Tohama I, CS, 12822, B. petrii, and B. avium). The pan-genome of these strains has
8,425 gene families, consisting of 1,778 core gene families and 6,647 gene families that
are missing in at least one strain (see Appendix A). While four Bordetella species remain
to be sequenced and others are not finished or adequately annotated, these results do
provide solid, yet preliminary, insight into the global gene repertoire of the classical
bordetellae. Throughout the remainder of this study, all investigations will focus on the
evolutionary relationship of the classical bordetellae.

The classical Bordetella pan-

genome includes 5,558 gene families, consisting of 2,857 core gene families (Region A
in Figure 2-1) and 2,701 non-core gene families (Regions B, C and D in Figure 2-1) (see
Appendix B). The core gene families are mainly involved in energy metabolism, central
metabolism and information transfer (Figure 2-2A). The most abundant gene family
groups in these genomes encode surface proteins and 40% of these belong to the non-core
genome. Variability in these proteins, which are likely surface exposed and antigenic,
would be expected to affect host immune recognition [24].
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Figure 2-2. Core and non-core genome of eleven classical bordetellae pan-genome. The
number of core and non-core gene families in each predicted functional category of the classical
bordetellae pan-genome (A) and each species pan-genome (B) are summarized (B. bronchiseptica
non-human isolates: RB50, 253 and 1289, B. bronchiseptica human isolates: MO149, D445, and
Bbr77, B. parapertussis strains: 12822 and Bpp5, and B. pertussis strains: Tohama I, CS and
18323). Functional categories are SF: surface proteins, CH: conserved hypothetical proteins,
Misc: miscellaneous information, R: regulators, CI: central/intermediary metabolism, IS:
phage/insertion sequence (IS) elements, IT: information transfer proteins, U: unknown proteins,
PAC: pathogenicity/adaptation/chaperones, DS: degradation of small molecules, EM: energy
metabolism, Pseudo: pseudogenes and DL: degradation of large molecules. * indicates the gene
families that more than 80% of gene families are conserved in all strains.
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When bacteria specialize to an ecological niche, this adaptation is often
accompanied by a loss of genes that are no longer required or beneficial in the new niche
[25]. This concept can explain the large-scale genome loss exhibited by B. pertussis and
B. parapertussis, which appear to have evolved from a zoonotic generalist into
specialized human pathogens [2].

If other lineages had adapted to particular

environments (i.e. subsets of hosts), we would expect those lineages to lose genes not
required in that environment, but retain a set of shared core genes required for their
shared characteristics, such as the ability to infect the respiratory tract of their particular
host. B. bronchiseptica complex I non-human isolates (RB50, 253, and 1289; sharing
4,509 gene families) and complex IV human isolates (MO149, Bbr77 and D445; sharing
4,271 gene families) strains have larger core genomes, than B. pertussis strains (Tohama
I, 18323, and CS; sharing 3,235 gene families) (Figure 2-2B) [4]. In fact, the core
genome of all available classical Bordetella strains excluding B. pertussis isolates (3,652
gene families) was larger than that of B. pertussis strains, suggesting that this lineage has
selectively lost genes/functions that are retained in all others. The non-core genome
(2,701 gene families not present in all strains), contains a large variety of gene families
and many phage-encoding genes, and likely contributes to the phenotypic variation of
this group.
Open pan-genome with limited gene acquisition
To evaluate and compare the total gene pool of all classical Bordetella subspecies
(i.e. all eleven sequenced strains), compared to that of all strains excluding B. pertussis
strains, and that of B. bronchiseptica strains alone (RB50, 253, 1289, MO149, Bbr77, and
D445), we employed the prediction method described by Tettelin et al [26]. Based on the
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number of novel gene families per additional genome analyzed, all of the groups (the
classical Bordetella subspecies, all the strains excluding B. pertussis strains, and B.
bronchiseptica strains only) appeared to have what Tettlin et al. described as open but
“slowly closing” pan-genomes [27] (Figure 2-3A). This indicates that more sequenced
genomes have the potential to provide additional genomic diversity but that beyond a
couple of hundred sequenced genomes novel genes are less likely to be discovered.
A complementary approach to assess gene acquisition was used to calculate the
increase in pan-genome size with each additional genome sequenced (Figure 2-3B). This
expected pan-genome size (n) upon sequencing an Nth genome was modeled by the
power law function n = !N#, where an open pan-genome has a " value greater than zero
and less than one, with lower values signifying a more closed genome with fewer
acquired genes. The " value for the classical Bordetella subspecies (0.090) is lower than
that for Bacillus cereus (0.43) [28], indicating that the pan-genome of the classical
bordetellae is open but grows more slowly than that of B. cereus with each additional
genome sequenced.

With 25 additional genomes, the pan-genome of the classical

Bordetella subspecies will reach approximately 6,000 gene families. Since B. pertussis
went through massive genome decay, which can affect the pan-genome size, we predicted
the pan-genome of the group excluding B. pertussis strains and it is estimated to contain
6,026 gene families. Furthermore, since a smaller core genome size reflects smaller sets
of shared functional genes, the small size of the core genome containing B. pertussis
strains is additional evidence that this lineage has lost the functions encoded by
approximately 800 genes (Figure 2-3C). This further supports the previous hypothesis
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that B. pertussis strains have adapted to their niche by genome reduction [2] and that
there is a correlation between the pan/core genome size and the host range.

Figure 2-3. Mathematical estimation of size of novel gene families, pan-genome, and core
gene families. The number of novel gene families (A), pan-genome size (B), and the number of
core gene families (C) were estimated for the classical bordetellae (blue: all eleven genomes), B.
bronchiseptica strains only (green: RB50, 253, 1289, MO149, D445, and Bbr77), and all the
strains except B. pertussis strains (red: RB50, 253, 1289, MO149, D445, Bbr77, 12822, and
Bpp5). If n genomes are selected from 11, there are 11!/ [(n-1)!*(11-n)!] possible combinations.
Each possible combination is plotted as a point, and the line is fitted to the power law model
adapted from the methods of Tetellin et al. [26]. " in the power law model for the pan-genome
size estimation was reported for each group. The numbers shown on the right side of each graph
are the number of expected novel gene families, pan-genome size, and core gene families with 25
genomes.
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Variations in virulence factors amongst the classical bordetellae
To examine the possible basis for differences in virulence phenotypes amongst
strains/lineages, we compared the presence/absence of factors thought to be involved in
interactions with the host, loosely referred to as “virulence factors”, including
filamentous hemagglutinin (FHA), fimbriae (Fims), pertactin (PRN), tracheal
colonization factor (TcfA), adenylate cyclase/hemolysin (ACT), dermonecrotic toxin
(Dnt), pertussis toxin (Ptx), Bordetella resistance to killing (BrkA) protein [29], Oantigen [30], Type III secretion system (TTSS) [31], and Type VI secretion system
(T6SS) [32]. Only genes encoding FHA, PRN, and TTSS locus are conserved in all
strains (Figure 2-4). B. bronchiseptica complex IV strains (D445, Bbr77, and MO149)
have the most divergent fha locus (as low as 92% identity) compared to RB50, while B.
pertussis strains have the most divergent fim loci (as low as 84% identity) with gene
deletions and multiple internal sequence variations. Although tcfA varies in all strains (as
low as 84% identity), genes encoding PRN segregate into clear distinctive groups
between B. bronchiseptica complex I/B. parapertussis strains and B. bronchiseptica
complex IV/B. pertussis strains, as previously described [4]. Together, the presence,
absence or divergence of these virulence factors do not always follow the phylogenetic
relationships, suggesting some other processes, in addition to sequence divergence by
accumulation of point mutations, may contribute to variation of virulence factor genes.
In a prior analysis of the hypovirulent B. bronchiseptica strain 253, we observed
that it does not contain the whole ACT locus [13]. Notably, strains 1289, D445, Bbr77,
MO149, and 18323 all contain a frameshift mutation within cyaB; however, each strain
remains beta-hemolytic and grows within the murine respiratory tracts (unpublished).
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Therefore, the functional effects of this mutation on ACT secretion and hemolysis appear
less dramatic than that of the mutation in strain 253. Strikingly, strains Bbr77 and
MO149 do not contain the entire ptx locus and the other human isolate (D445) has a
divergent ptx locus (as low as 88% identity) compared to RB50. dnt is divergent (as low
as 93% identity) or missing in complex IV strains compared to RB50. One of the
complement resistance factors, brkA, is very similar (>97% identity) in all strains except
that it is a pseudogene in 12822 and RB50. Combined, these data reveal a discord
between the phylogenetic relatedness of strains and the variation in their individual
virulence genes.
In addition to small loci (<10kb) responsible for encoding adhesins and toxins, we
compared large loci (>10kb) containing contiguous genes with highly coordinated
functions. The T3SS locus is very similar (>98% identity) among all strains, with the
notable exception being a pseudogene present only in B. parapertussishu strain 12822
[12, 33]. However, other loci were much more variable. Consistent with previous
reports [2, 4, 7], the genetic makeup of the O-antigen locus (0-26kb) widely fluctuated
among strains, with the entire locus missing in all three B. pertussis stains. In strains in
which they are present, these genes share as little as 90% identity with their apparent
orthologs. In some cases, the locus includes completely different sets of genes. Two
pseudogenes are present within the O-antigen locus in Bpp5, suggesting relatively recent
loss of function. Similarly, a locus encoding a putative T6SS shows a high degree of
variations. For example, B. pertussis strains and D445 are missing parts of the T6SS
locus, while both human and ovine B. parapertussis strains either have pseudogenes or
are missing subsets of genes within this locus. A predicted pseudogene is also present in
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this locus of B. bronchiseptica strain 1289. Together, these data reveal the intriguing
tendency of virulence loci to be lost or divergent in the human isolates (B. bronchiseptica
complex IV strains, B. parapertussishu strains, and B. pertussis strains), possibly
signifying differential roles in different hosts [34].

Figure 2-4. Diversity in virulence factor genes/loci among the classical bordetellae compared
to RB50. The heatmap was generated based on nucleotide percentage identity compared to RB50
for each gene/loci. Absence of a certain gene and presence of a pseudogene are highlighted with
white and sky blue color with #, respectively. * indicates the missing nucleotides due to the draft
status of the genome. The gene content tree, the dendrogram of hierarchical clustering of the
complete pan-genome matrix, was superimposed on top of the heatmap. Manhattan distances,
linkage method, and 1,000 bootstrap replicates were used for the clustering.
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Phylogenomic analysis
The observation that there are discrepancies between the phylogenetic
relationships of sets of genes suggests that a small set of genes may be limited in its
ability to accurately represent phylogenetic relationships among these strains [35]. Thus,
to more accurately and robustly evaluate the genetic relationships between Bordetella
isolates, we built a phylogenetic tree with all the genomic content, using a previously
defined pan-genome matrix in our analysis. This matrix was constructed with genomes
and gene families as columns and rows, respectively. Each cell in the matrix presents 1
or 0, depending on the presence or absence of the gene family in each genome. By
generating a gene content tree based on this matrix, excluding unique gene families in
each strain, we observed many similarities and some notable differences as compared to
earlier studies that only used a small set of housekeeping genes. B. pertussis strains form
a separate lineage that is isolated from the other two species (Figure 2-4). This clustering
trend can be explained by the drastic genome reduction (absence of genes) in B. pertussis
strains. However, B. parapertussis strains are closely related to B. bronchiseptica strains,
reflecting a relatively large set of shared core genes. Notably, the B. parapertussisov
strain (Bpp5) clustered together with B. parapertussishu strain 12822, consistent with the
species designation but different from the previous minimum spanning tree based on
MLST [4], which clustered Bpp5 within B. bronchiseptica complex I strains and
separated 12822 from B. bronchiseptica strains.
To include all the additional information contained in the individual SNPs, a
phylogenetic tree was generated based on genome-wide SNP candidate sites against the
reference genome (RB50) with B. petrii as an outgroup (Figure 2-5). Similar to the
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previously published MLST minimum spanning tree, this SNP-based tree suggests that B.
pertussis is closely related to B. bronchiseptica complex IV strains [4]. Moreover,
building the phylogenetic tree using genome-wide SNPs supports two important genetic
relationships that previous phylogenetic analyses did not reveal. First, B. pertussis and B.
bronchiseptica complex IV appear to share a more recent common ancestor distinct from
that shared by B. parapertussis and B. bronchiseptica complex I strains. Second, B.
parapertussisov strain Bpp5 is more closely related to B. parapertussishu strain 12822 than
to B. bronchiseptica complex I strains. The agreement on the closer relationship between
the two B. parapertussis clades of both the SNP-based and gene content-based trees
suggests that the more distant relationship observed in the previously published MLSTbased tree is likely due to the limited amount of information in the seven housekeeping
genes that were used.
SNP densities across each genome, compared to the RB50 genome, differ
between strains. B. bronchiseptica complex IV strains (MO149, D445, and Bbr77) have
the highest overall density of SNP sites (~12 SNPs/1,000bp), followed by B. pertussis
strains (~9 SNPs/1,000bp), B. bronchiseptica complex I strain 253 (~7 SNPs/1,000bp), B.
parapertussis strains (~4 SNPs/1,000bp), and complex I strain 1289 (~2 SNPs/1,000bp),
reflecting their overall relatedness to RB50. Of all SNPs, about 61% are synonymous
(average dS= 0.0170), while ~26% are non-synonymous (average dN = 0.0023),
reflecting the overall pressure of purifying selection. ~12% of SNPs were found within
intergenic regions, and approximately 1% are in pseudogenes. Genes encoding phagerelated, hypothetical proteins and some virulence factors, including ptx, contained
amongst the highest SNP densities (see Appendix C).

One explanation for this
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observation could be positive selection, for example via the proposed vaccine-driven
selection for antigenic variation of genes encoding vaccine components [36, 37].
However, dN/dS ratios are lower than one in most of these genes, indicating overall
negative (purifying) rather than positive (diversifying) selection. These results do not
support the view that the normal rate of SNP generation, followed by positive selection
for variation, resulted in this diversity, and raise the possibility that other mechanisms of
diversity generation, such as insertions or deletions, HGT and functional divergence,
occurred within these discrete loci.

Figure 2-5. Maximum likelihood phylogenetic tree of eleven classical bordetellae with
genome-wide SNP sites. The phylogenetic tree was reconstructed with genome-wide SNP sites
based on B. bronchiseptica RB50.
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Horizontal gene transfer and divergent evolution of the classical bordetellae
To more closely examine the divergence of the ptx/ptl loci, we compared the
percent sequence similarity of these genes and their flanking genes in all sequenced
strains to that of Tohama I (Figure 2-6). The ptx/ptl loci of B. pertussis 18323 and CS
and B. parapertussis 12822 and Bpp5 are closely related to that of Tohama I (>98% and
>95% identity, respectively), while those of B. bronchiseptica non-human strains are
much more divergent (as low as 87% identity). Conversely, B. bronchiseptica human
isolates, which are much more closely related based on overall SNPs (Figure 2-5), have
either low percentage similarity to Tohama I (D445; as low as 82% identity) or do not
contain the entire ptx/ptl loci (Bbr77 and MO149) (Figure 2-6). There were ten or less
SNPs distinguishing the ptx/ptl loci of seven recently published B. pertussis genomes (see
Appendix D). The relatively high SNP densities of the ptx/ptl loci do not appear to be
due to positive selection because pair-wise dN/dS ratios are below one, indicating overall
purifying selection (see Appendix E).
An alternative explanation for the high SNP density in the ptx/ptl loci could be the
introduction of variation via horizontal gene transfer (HGT). Gerlach et al. previously
speculated that the ptx/ptl loci had features of pathogenicity islands (PAIs) based only on
the clusters of virulence genes in these loci, the presence of a tRNA (known to be
associated with HGT and often a DNA integration target site [39]), and the absence of
these loci in some strains [40].

Using the entire sequences of all eleven classical

Bordetella strains, we analyzed each genome with Alien_hunter [41], which detects
horizontally transferred genome segments. Nine to eighteen percent of each genome was
identified as containing potential HGT candidates based on atypical genomic composition
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(see Appendix F).

The loci encoding phage-related proteins, alcaligin biosynthesis

proteins, cytochrome ubiquinol oxidase, NADH-ubiquinone oxidoreductase, ATP
synthase and many adhesins were identified as HGT candidates. Among the candidates
were a number of genes required for assembly of O-antigen, consistent with our prior
prediction of HGT within this locus [7, 42, 43]. Notably, Alien_hunter also predicted
that the ptx locus and a part of its associated secretion system (ptl) locus were acquired by
HGT.

Figure 2-6. Percent sequence similarity of ptx/ptl locus with flanking genes against Tohama
I. Percent sequence similarity of the ptx/ptl locus and flanking genes based on Tohama I was
plotted between 80% and 100% using zPicture [38]. Intergenic regions, coding regions, and a
tRNA were highlighted with red, blue, and green, respectively.

To further investigate possible HGT of ptx/ptl genes, phylogenetic trees were
generated based on individual genes within the ptx/ptl loci; these gene trees (Figure 2-7
and see Appendix G) were then compared to the genome-wide SNP tree (Figure 2-5) to
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identify incongruence in the tree topology. The majority of the ptx/ptl gene trees are
similar to the genome-wide SNP tree in that each strain is clustered based on their species
designation, such as B. pertussis, B. parapertussis, and B. bronchiseptica non-human
strains. However, the B. bronchiseptica human isolate D445 locus is located on a long
branch separate from all the other strains, implying that the ptx/ptl loci in D445 has an
evolutionary history different from other Bordetella species. Additionally, B. pertussis
clades and B. parapertussis clades clustered together in the individual gene trees unlike in
the genome-wide SNP tree. These results suggest HGT being a source of diversity within
this locus, although they do not rule out other possibilities.

Figure 2-7. The phylogenetic tree of the ptx/ptl locus. The tree was reconstructed by maximum
likelihood methods with 1,000 bootstrap replicates based on the ptx/ptl locus sequences. B1920
represents B1834, and Tohama I represents CS because they have the identical sequences.

In addition to the higher overall SNP density, the distribution of SNPs across the
ptx/ptl loci appears to be non-random, with areas of low density (consistent with the
flanking genes and much of the genome) and areas of much higher density. For example,
B. bronchiseptica complex IV strains have accumulated the highest density of SNPs
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(D445) or have lost the entire locus (MO149 and Bbr77), suggesting a change in the
requirement for Ptx in this lineage. However, much of the ptl locus of the non-human B.
bronchiseptica strains (RB50, 1289, and 253) have low SNP density, while the ptx locus,
most notably the ptxC gene, has much higher SNP density (Figure 2-6). Interestingly, the
large majority of these SNPs across the locus result in silent (synonymous) mutations
(dN/dS < 0.6), suggesting the high SNP density is not due to positive selection for
variations. It is also interesting to note that sequence similarity differs between the ptx
locus (average 96% identity) and the ptl locus (average 98% identity) in all the strains
except strain D445, suggesting a different evolutionary history for the ptx and ptl loci.
Together, the ptx/ptl loci appear to have been horizontally transferred to the classical
bordetellae and have diverged in different lineages.
Discussion
The recent availability of classical Bordetella genomes gives us insight into the
evolutionary changes involved in their divergence, including extensive genome decay,
rearrangements and, for the first time, specific sequence data revealing evidence of
limited gene acquisition [2, 5]. Our mathematical prediction suggests that we will need
over a hundred genomes to comprehensively describe a classical Bordetella pan-genome,
although these numbers may change when more strains are added to this analysis (Figure
2-3). The core genome of the classical bordetellae represents only a small fraction
(~50%) of the pan-genome, and many genes in the non-core genome are likely to
contribute to the diverse characteristics of these strains (Figures 2-1 and 2-2). Substantial
variation is observed in virulence factor genes in particular, with human isolates
appearing to have more inactivated genes than non-human isolates (Figure 2-4). Some of
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these changes are similar in strains with a shared evolutionary history, reflected by the
genome-wide SNP-based phylogenetic tree.

This tree is similar to the previously

constructed MLST minimum spanning tree [4] with two important differences. The first
is that the branching pattern of the genome-wide SNP tree links human and ovine strains
of B. parapertussis, which can explain their shared characteristics that led to their similar
species designation.

This common branch suggests some divergence from B.

bronchiseptica complex I prior to the divergence of these two lineages. Second, a more
recent last common ancestor was shared by B. pertussis and B. bronchiseptica complex
IV, making them more closely related to each other than to the other lineages (Figure 25). The resolution of our genome-wide SNP tree also provides a firm foundation for the
comparisons with trees built based on individual genes, supporting or refuting the
possibility of HGT candidates identified by Alien_hunter (Figures 2-6 and 2-7).
Species with limited diversity, such as Chlamydia trachomatis and Bacillus
anthracis, share ~90% of their closed pan-genomes [44, 45], while species with open
pan-genomes, such as E. coli, can share as little as 20% of their pan-genomes, with nearly
80 new genes discovered for each additional sequenced genome [46]. Like Streptococcus
pneumoniae, B. bronchiseptica has an open pan-genome, but the number of novel gene
families is likely to decrease more rapidly with additional genomes sequenced,
suggesting an intermediate category between open and closed pan-genome (Figure 2-3)
[27].

Pan-genome size often reflects host range and gene pool availabilities.

For

example, a human pathogen restricted to human oral-nasal mucosa, Streptococcus
pyogenes, has a smaller pan-genome than that of a zoonotic pathogen capable of infecting
multiple organs, Streptococcus agalactiae [47].

Although we could not use our
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computational analysis to estimate the pan-genome sizes of B. parapertussis and B.
pertussis due to limited number of fully annotated genomes (Figure 2-3), we speculate
that the pan-genome of these two species would be smaller than that of B. bronchiseptica
due to restricted host range, consistent with our core and pan-genome analysis using
eleven genomes (Figure 2-2).

This suggests that the larger pan-genome of B.

bronchiseptica may be essential for survival in a broader niche of multiple host species
(Figures 2-1 and 2-2). Furthermore, a similar analysis comparing two B. bronchiseptica
complexes (I versus IV) with more strains may elucidate how some B. bronchiseptica
isolates that are more closely related to B. pertussis share the propensity for isolation
from human hosts.
Many known virulence factor genes or loci are not conserved in all the classical
Bordetella strains, and the presence, absence, or inactivation of these virulence factors
does not always follow the phylogenetic species relationships (Figures 2-4 and 2-5). Our
study suggests that limited HGTs between foreign species and the classical bordetellae
have occurred, resulting in an open pan-genome with limited growth. Although we
cannot determine the precise origin of horizontally transferred loci due to limited
availability of other closely related Bordetella genomes, the atypical genomic
composition detected by Alien_hunter, being flanked by a tRNA, as well as high SNP
densities but low dN/dS ratios, and incongruent phylogenetic trees together provide
evidence of HGT within the ptx/ptl loci (Figures 2-6 and 2-7). Expression of Ptx has not
yet been observed in B. bronchiseptica or B. parapertussis strains; however, the low
dN/dS ratio reflects purifying selection, indicating there are conditions under which these
loci must be expressed.

The facts that the entire operon is conserved in both B.

56

bronchiseptica and B. parapertussis [48], and there is non-random distribution of SNP
accumulations in different genes of this locus further support this view. Ptx is known for
multiple biological activities, including both enzymatic activity on a range of different G
proteins [49] and the ability to bind to various mammalian cells [50, 51]. The ability to
vary these activities to confront different hosts could be important to the broad host range
of these organisms. In this light, the large number of amino acid substitutions in ptxC is
intriguing. ptxB and ptxC are highly homologous and appear to have arisen via gene
duplication. Since the proteins they encode are known to contain regions that determine
binding specificity [50, 51] and interact with extracellular receptors [52], the greater
variation in these genes could contribute to adaptation to new hosts (see Appendix H).
Possible partial redundancy between the two gene products could allow diversifying
without the cost of deleterious mutations necessarily resulting in complete loss of Ptx
activity [48]. Despite their close relationship to B. pertussis, B. bronchiseptica complex
IV strains have ptx/ptl loci that are either highly divergent (D445) or completely lost
(MO149 and Bbr77), supporting the immune-mediated competition [53] or change of the
requirement for the ptx/ptl loci in these strains. The extensive variation in SNP densities
within the ptx locus, and the substantially different SNP densities of the ptx and ptl loci
suggest that there are more complexities to the evolution of these lineages than can be
explained by simple descent with variation and positive/negative selection.
Conclusions
The current comparative genomic analysis of multiple classical Bordetella
subspecies has revealed a complex and flexible pan-genome with limited introduction of
new genetic material.

Genome-wide SNP-based phylogenetic trees of the classical
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bordetellae provide a robust model of their genetic relationship against which to measure
the relative evolutionary pressures on the various factors that might affect their success
differently in various environments. Evolution of virulence-associated genes appears to
occur via mechanisms that include the random SNP accumulations as well as more
directed mechanisms, such as HGTs, that can explain high SNP densities. Both of these
or potentially more interesting novel mechanisms are likely to contribute to the
substantial phenotypic diversity amongst the classical Bordetella subspecies.

The

importance of these organisms as pathogens of humans and other mammals as well as
their recent evolutionary changes in critical pathogen characteristics raise the significance
of understanding the genesis and effects of these diversity-generating mechanisms.
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Chapter 3
Highly Diverse Secretion Systems Among the Classical Bordetellae

This chapter is prepared to submit for publication as:
Park J, Chen C, Zhang Y, Dudley EG, and Harvill ET. 2013. Highly Diverse Secretion
Systems among the Classical Bordetellae.
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Abstract
Secretion systems transport molecules from bacterial cells into the environment or
target host cells. They are often key virulence factors in bacterial pathogenesis, as they
modulate interactions with the host immune response. Six secretion systems (T1SST6SS) have been discovered and studied in the classical bordetellae, including Bordetella
bronchiseptica, B. parapertussis, and B. pertussis. B. bronchiseptica infects a broad
range of mammalian hosts, while B. parapertussis and B. pertussis are host-restricted to
humans or sheep. The exact functional mechanisms of secretion systems, interactions
within and between secretion systems, and the evolutionary significance of these systems
have not been studied in-depth with the classical bordetellae. Here, we use comparative
genomic analyses to determine the similarities and differences of these systems in the
bordetellae compared to other Gram-negative bacteria. We also predict the functional
association of these systems with proteins that are not secretion system components in the
classical bordetellae. The recombination/mutation ratio analysis suggests that mutation is
a more dominant evolutionary force than recombination, and horizontal gene transfer also
contributes to secretion system diversity. We have also observed variations and different
evolutionary histories of these systems within the classical bordetellae.

This work

provides insights into the adaptation mechanisms of these pathogens to different hosts by
diversifying and modifying these secretion systems.
Introduction
The pathogenicity of many Gram-negative bacteria is largely dependent upon
secretion systems that can transport toxic molecules from bacterial cells into the
environment or into the host cells [1]. All six secretion systems (T1SS to T6SS) have
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specialized components that transport effector proteins across the Gram-negative bacteria
cell wall [2]. T1SS is known to secrete adhesins, glycanases, and rhizobial proteins in
Agrobacterium tumefaciens and Pseudomonas syringae pv tomato [3–5], which are
involved in biofilm formation. T2SS is Sec-dependent and required for virulence of
Vibrio cholerae, enterotoxigenic Escherichia coli (ETEC), and P. aeruginosa [6, 7].
T3SS, which is closely related to a flagella subunit export system, is an injectisome that
delivers effector proteins to host cells through a needle-like apparatus [8–11]. T4SS has
been shown to transport nucleic acids in addition to proteins [12, 13], while T5SS is a
cluster of autotransporters which transports a very large number of proteins that are
required for pathogen virulence in such microorganisms as Haemophilus influenzae,
Yersinia enteroliticola, Neisseria gonorrheae, and Helocobacter pylori [14–17]. Lastly,
T6SS appears to constitute a phage-tail-spike-like injectisome, and is required for
virulence in pathogens, including Vibrio cholerae, Pseudomonas aeruginosa, and
Francisella tularensis [1, 2, 18–21]. It is also required for intraspecies and interspecies
bacterial interactions in Burkholderia [22].

All these secretion systems have been

described in the classical bordetellae.
Bordetella bronchiseptica is a Gram-negative bacterium that colonizes the
respiratory tract of a broad range of mammalian hosts [23].

B. pertussis and B.

parapertussis, the causative agents of whooping cough in humans, are believed to have
independently evolved from a B. bronchiseptica-like progenitor [24]. Over 90% of the
30-50 million pertussis-related cases and 300,000 deaths each year occur in developing
countries; however, despite high vaccine coverage there have been epidemics in even
developed countries, such as Australia, the United Kingdom, Canada, and the United
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States [25–27]. Intriguingly, these three species of bacteria offer an opportunity to study
virulence factor evolution as they share greater than 95% sequence identity across their
genomes, despite each bacterial species having a unique set of virulence factors. One
class of important and often studied virulence factors is the secretion systems. All six
types of secretions have been found across the classical bordetellae, and in many
instances have been shown to play key roles in pathogenesis. Interestingly, not all the
secretion systems are shared amongst the bordetellae. The T1SS has been shown to
transport adenylate cyclase toxin (ACT) [28], while T2SS exports fimbriae subunits [29],
which are important antigens and virulence factors. Additionally, the T3SS and T4SS are
required to secrete effectors, such as Bordetella T3SS effector A (BteA) [30] and
pertussis toxin (Ptx), respectively [31]. Increased secretion of effectors through these two
secretions systems has been associated with hypervirulence.

The T5SS transports

adherence factors, including filamentous hemagglutinin (FHA), pertactin (PRN), and
tracheal colonization factor (TCF) [29]. Lastly, the newly discovered T6SS is required
for colonization and cytotoxicity toward macrophages and dendritic cells by B.
bronchiseptica strains, even though specific effectors have not yet been identified [32].
Since many secreted proteins are virulence factors, knowledge of the mechanisms these
secretion systems use to function will contribute to our understanding of bordetellae
pathogenesis.
By comparative genomic analysis, we have observed many similarities and
differences in each secretion system compared to other bacteria. We have also identified
a potential functional protein network of each secretion system in B. bronchiseptica strain
RB50. In addition, computational analysis has revealed that there are variations in
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secretion systems among the bordetellae, and different evolutionary histories have been
shown for each secretion system.

Notably, the data also suggests that mutation is a

predominant evolutionary force compared to recombination, except in the T6SS. There is
also evidence to suggest that some secretion systems may have undergone horizontal
gene transfer. This diversity of secretion systems in the bordetellae provides the initial
groundwork to uncover potential mechanisms of each system, and likely contributes to
bordetellae host adaptation.
Materials and Methods
Conserved domain of secretion systems
Conserved domains in each gene of the secretion system loci in B. bronchiseptica
strain RB50 were searched against NCBI Conserved Domain Database (CDD)
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).
Functional protein network
The functional protein network for each secretion system was predicted based on
protein sequences of B. bronchiseptica strain RB50, using the Search Tool for Recurring
Instances of Neighbouring Genes (STRING) [33].
Secretion system comparison within the classical bordetellae
Genes and the loci that encode the known secretion systems from T1SS to T6SS
were compared among the eleven genomes via the Artemis Comparison Tool [34].
Percent sequence similarity was calculated based on B. bronchiseptica strain RB50
sequence with BLASTN [35], and genes that either contain a frame-shift mutation or an
in-frame stop codon, or that are absent were highlighted with different colors in the
heatmap generated by R [36]. The phylogenetic tree (gene content tree) based on the
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presence or absence of each gene in the secretion system loci was superimposed on the
heatmap.
HGT Detection
Putative horizontally acquired regions in Bordetella strains were predicted by
Alien_hunter, which is a program capable of detecting genomic regions that may
originate from foreign sources using Interpolated Variable Order Motifs (IVOMs) [37].
For the phylogenetic tree comparison, multiple alignments of each secretion system loci
were generated by MEGA5 software [38], and maximum likelihood trees were
constructed with a Tamura-Nei model and 1,000 bootstrap replicates.
Mutation and Recombination Rate Calculation
The rho/theta (recombination/mutation) ratio for each secretion system among the
classical bordetellae strains, except T5SS, was calculated with the Recombination
Detection Program (RDP4) suite [39].
Results
Secretion systems in the classical bordetellae compared to other bacteria
Secretion systems are conserved across different species of bacteria, but often
each species has slight variations, leading to components being classified as core that are
present in all available species and non-core that are not. Compared to other bacteria,
there are similarities and differences in the genomic and protein content as well as
functional domains of the classical bordetellae secretion systems (Figure 3-1 and
Appendix I). For example, similar to the T1SS in other bacteria, the classical bordetellae
strains have the ABC transporter (CyaB), the membrane fusion protein (MFP; CyaD),
and the outer membrane factor (OMF; CyaE) [40]. CyaA has the RTX N-terminal
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domain, which is associated with hemolysin, while CyaC has the RTX toxin
acyltransferase domain, which is known to convert the pro-toxin to the active toxin.
Conversely, the classical bordetellae T2SS, in comparison to Nitrosomonas europea,
Lesptospira interrogans, and Rhodopirellula baltica, is missing 7 proteins out of 13
known core components of T2SS (Gsp C-O) [6, 41, 42], and therefore, contains an
incomplete T2SS (i.e. Gsp DEFGJO) [6]. However, there are several putative membrane
proteins that may be components of T2SS in the bordetellae, especially since the missing
components (Gsp CHIKLMN) are inner membrane proteins [43]. An incomplete set of
T2SS homologs (i.e. Gsp DEFGHIJKO) has indicated the presence of type 4 piliation or
a DNA uptake system in other bacteria [6]. In addition, the classical bordetellae T2SS
contains an ATPase protein, PilT, which is unique to the type IV pili (T4P) secretion
system and is known to be involved in twitching motility [44]. Thus, the classical
bordetellae T2SS appears to be more closely related to the T4P secretion system, which is
known to be evolutionary related to T2SS [45].
Similar to other bacterial species containing T3SS, the classical bordetellae T3SS
has all the known core components [10, 46] as well as additional regulatory proteins.
Moreover, while the T4SS contains all the known core components, it is missing VirB1,
VirB5, and VirD4 components [47]. Some evidence suggests that VirB1 is not part of
the secretion apparatus and the deletion of virB1 did not abolish secretion in
Agrobacterium tumefaciens, indicating that it might not be necessary for a functional
T4SS [47]. Also, VirB5 is a minor subunit of the extracellular pilus, and VirD4 is not
essential in the classical bordetellae, which do not use coupling proteins for secretion
[48].
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Figure 3-1. Schematic presentation of Sec-dependent and Sec-independent secretion
pathways in B. bronchiseptica strain RB50. The schematic presentation of individual secretion
system is presented with B. bronchiseptica strain RB50 gene name. Components that are absent
in B. bronchiseptica strain RB50 are indicated by a dashed line.

The bordetellae T5SS includes classical autotransporters with a signal sequence, a
passenger domain, and a translocation unit [17]. The signal sequence allows targeting of
the protein to the inner membrane for export, while the passenger domain has diverse
effector functions. The translocation unit consists of a linker region with a $-domain,
which facilitates translocation of the passenger domain through the outer membrane [17].
Many proteins, such as TcfA, BapB, BB3111, and BB3110, contain highly similar
translocation units with different passenger domains. Our phylogenetic analysis confirms
that bordetellae autotransporters fall into three different groups [17] (Appendix J). Half
of the proteins, including Prn, Vag8, BrkA, and TcfA, fall into group 1, while group 2
includes adhesins related to E. coli autotransporters.

Finally, known proteases are
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clustered into group 3, including SphB1, 2, and 3. BB2324 does not fall into these
groups and is the only exception to this phylogenetic analysis.
Lastly, the classical bordetellae T6SS contains all 16 previously predicted core
components, but no regulatory proteins have been identified for this locus [32]. Also,
there are 5 proteins (TssA, N, P, Q, and V) that have neither known T6SS functional
domains nor known Clusters of Orthologous Group (COG) domains (Appendix I).
Overall, this comparative analysis indicates that the classical bordetellae contain
most core components of six secretion systems with some variations of regulatory
proteins. We have also identified additional proteins that need to be studied further to
comprehend the diverse functions of these secretion systems in the classical bordetellae.
Functional protein network of each secretion system
Genes occurring within the same potential operons across the genomes tend to
encode functionally associated proteins.

Thus, we tried to assess the functional

association between proteins using Search Tool for Recurring Instances of Neighbouring
Genes (STRING) [33] (Figure 3-2). T1SS genes co-occurr in other species (blue lines)
and are present within the same operons in B. bronchiseptica strain RB50 (green lines).
Some of homologous genes are studied together in other bacterial species (light green
lines) or through several databases (light blue lines). Interestingly, T1SS components are
also associated with other proteins, such as BB1189 (ABC transporter), RelA (putative
GTP pyrophosphokinase) and DNA-directed RNA polymerase subunits (RpoABCZ)
(Table 3-1).
Unlike T1SS components, some components in T2SS are within the same operon
only in the bordetellae strains but not in other bacteria, suggesting bordetellae-specific
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functions.

Even though there were some proteins, such as BB0777, BB0783, and

BB0788, that we could not find homologs to known components, the T2SS network
shows that these proteins may still be functionally associated in the network. Many
proteins that are not within the T2SS locus are still functionally associated with the T2SS
network. They are predicted to be putative exported proteins, putative secretion related
proteins, or conserved hypothetical proteins (Table 3-1).
The T3SS protein network shows that T3SS proteins are tightly associated with
each other as well as with flagellar operons. This is not surprising because T3SS is
closely related to flagella subunit export system [10, 11]. Interestingly, BrpL, which is
known to regulate T3SS, does not appear to occur within close proximity to T3SS nor
appear to be associated with the T3SS, suggesting it may be a species-specific factor.
The T4SS is tighly associated with each other and functionally associated with PtxC,
which is the toxin that the secretion system transports. Notably, VirB5, VirD2, and
VirB6 are within the other horizontally transferred locus in B. bronchiseptica strain
RB50, and appear to be functionally associated with the T4SS. Similar to other secretion
systems, these secretion systems are functionally associated with other putative
membrane and exported proteins (Table 3-1).
In evaluating the last two types of secretion systems, since T5SS proteins are not
clustered within the same operons, we did not assess the network of this locus. The T6SS
protein network shows that the proteins are functionally associated within the secretion
system components as well as other putative exported proteins. Interestingly, BB0810,
the ATPase of T6SS, is functionally related to DnaK, which is a molecular chaperone and
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shown to be important for bacterial growth in macrophage infection, indicating that the
T6SS may be involved in the survival of bacteria in hostile environment [49].
Based on the protein network for each secretion system, we confirmed that most
components in individual systems are functionally associated with each other.

We

identified candidate proteins that are not within secretion system loci, but are functionally
associated with secretion systems.

Most of them are putative exported proteins,

conserved hypothetical proteins, and molecular chaperones. Understanding the role of
these proteins with their respective secretion systems can help us comprehend additional
functions of the classical bordetellae secretion systems compared to other bacteria.
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Table 3-1. Proteins that are predicted to be associated with each secretion system. Protein
names and their predicted functions are presented in this table.
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Figure 3-2. Protein network for individual secretion systems in B. bronchiseptica strain
RB50. The protein network for each secretion system (A) T1SS, B) T2SS, C) T3SS, D) T4SS,
and E) T6SS) was predicted by STRING [33] based on protein sequences in B. bronchiseptica
strain RB50. Genes that are within red circles encode secretion system components. Genes that
are present within the same operon in the genome are shown with a green line. Genes that cooccur in other species are presented with a blue line, and genes that are studied together in other
species are linked with a light green line.

Diversity of secretion systems loci among the classical bordetellae.
To examine secretion system differences amongst strains/lineages, we compared
the presence/absence of all the secretion systems from T1SS to T6SS, and sequence
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similarity of these loci among the 11 classical bordetellae strains. While T3SS loci are
very well conserved (> 93% identity) in all strains, T5SS loci are the most divergent in
the classical bordetellae strains with many pseudogenes (as low as 85% identity) (Figure
3-3). T1SS loci are well conserved except in B. bronchiseptica strain 253, which is
missing the entire T1SS locus. Also, strains 1289, D445, Bbr77, MO149, and 18323 all
contain a frameshift mutation within cyaB that does not change beta-hemolytic activity of
ACT in any strains [50]. T2SS loci are also well conserved among B. bronchiseptica
strains despite sequencing gaps in strain D445 and Bbr77. There are some differences in
the host-restricted strains in that B. pertussis strains and B. parapertussishu strain are
missing the entire locus, and there are 4 pseudogenes in B. parapertussisov strain Bpp5.
In addition, T4SS loci are conserved in all the strains except B. bronchiseptica strains
Bbr77 and MO149. Finally, T6SS loci are conserved in most of the B. bronchiseptica
with the exception of B. bronchiseptica strain D445, which is missing the entire locus.
Also, there are some sequencing gaps in B. bronchiseptica strain Bbr77. Moreover, there
are some differences in the host-restricted strains in that pseudogenes are present in B.
parapertussis strains, as well as B. pertussis strains notably lack the entire T6SS locus.
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Figure 3-3. Diversity in secretion system loci among the classical bordetellae compared to
RB50. The heatmap was generated based on nucleotide percent identity compared to RB50 for
each gene/loci. Absence of a certain gene and presence of a pseudogene are highlighted with
white and sky blue color with #, and * with white color indicates missing nucleotide sequences
due to the draft status of the genome. The gene content tree, the dendogram of hierachical
clustering of the gene content in the secretion system loci matrix, was superimposed on top of the
heatmap. Manhattan distances, linkage method, and 1,000 bootstrap replicates were used for the
clustering.

In order to analyze the evolutionary history of each type of secretion system, a
phylogenetic tree was built based on the presence and absence of each gene within
secretion system loci. Unlike previously published genome-wide trees [50], the secretion
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system loci gene content tree clustered B. bronchiseptica complex IV strain D445 with B.
pertussis strains, which can be explained by the loss of the entire T6SS locus. Similar to
the genome-wide gene content tree, B. bronchiseptica non-human strains are clustered
together separate from B. bronchiseptica complex IV human strains. In addition, B.
parapertussis human and ovine strains are both clustered together like the genome-wide
tree. However, the presence, absence or divergence of individual secretion systems does
not always follow phylogenetic relationships, suggesting that more than point mutations
may contribute to variation of secretion systems. Also, these data reveal the intriguing
tendency of secretion system loci to be lost or divergent in the human isolates (B.
bronchiseptica complex IV strains, B. parapertussishu strains, and B. pertussis strains),
possibly suggesting a link between secretion systems and host specificity, and also
differential roles for secretion systems in interactions with various hosts [32].
Different evolutionary history of secretion system loci
The phylogenetic tree based on all the secretion system sequences is very similar
to the previously published genome-wide SNP tree (Figure 3-4) [50].

Additional

phylogenetic trees were generated based on individual secretion system loci sequences to
determine the evolutionary relationship of each system (Figure 3-2B-G).

In most

phylogenetic trees except T5SS, there are clear clusters of B. pertussis, B. parapertussis,
B. bronchiseptica non-human isolates and complex IV strains. The differences in the
trees are the phylogenetic relationships among these clusters of strains. For example,
both in the T1SS and T3SS phylogenetic trees, B. pertussis strains and B. bronchiseptica
complex IV strains are closely related to each other like the genome-wide SNP tree [50].
However, there is no clear distinction between B. parapertussis strains and B.
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bronchiseptica non-human isolates. It appears that these two secretion systems are very
well conserved across the species. The T2SS phylogenetic tree looks similar to the
genome-wide SNP tree except that B. parapertussisov strain Bpp5 is more closely related
to B. bronchiseptica complex IV strains than to B. bronchiseptica non-human strains,
indicating that differences in T2SS might be involved in host restriction. The T4SS tree
suggests that B. parapertussis strains and B. pertussis strains are more closely related to
each other than to B. bronchiseptica strains, and B. bronchiseptica strain D445 has a very
long branch, suggesting a different evolutionary history. Intriguingly, the T5SS tree is
drastically different from other trees in that Bbr77, unlike other B. bronchiseptica
complex IV strains, is closely related to B. bronchiseptica RB50 than to B. pertussis
strains. Also, B. parapertussis strains are more closely related to RB50 than other B.
bronchiseptica strains. In addition, the diversity of T5SS is more drastic than other
secretion systems based on the tree branch lengths, indicating the different selective
pressure on this system. In the T6SS tree, the B. bronchiseptica strain cluster, including
human isolates (Bbr77 and MO149), are separated from B. parapertussis strains. These
different trees indicate more complex phylogenetic relationships, and thus highlight the
potential contribution of various evolutionary forces acting on each secretion system.
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Figure 3-4. Different phylogenetic relationship of eleven classical bordetellae strain based
on secretion system loci. The phylogenetic tree of each individual secretion system (A) All, B)
T1SS, C) T2SS, D) T3SS, E) T4SS, F) T5SS, and G) T6SS) was reconstructed by maximum
likelihood methods with 1,000 bootstrap replicates based on individual secretion system loci
sequences. The strains that contain horizontally transferred secretion system locus are represented
with red lines.

We assessed the rho/theta (recombination/mutation) ratio of the individual
secretion systems among the classical bordetellae to determine the dominant evolutionary
force (Table 3-2). T1SS, T2SS, T3SS, and T4SS showed low values between 0.027 and
0.197, suggesting that mutation rather than recombination appears to be the predominant
evolutionary process, while we did not assess the ratio for the T5SS locus, since all the
genes in this locus are distributed across the genomes. However, recombination/mutation
ratio was greater than 1 for the T6SS (2.216), suggesting that recombination appears to be
predominant for this secretion system. This is also supported by the fact that the T6SS
locus in the analyzed strains is split into two clusters of genes in B. petrii, as well as the
fact that the some T6SS genes are missing in B. parapertussis strain Bpp5. We also
analyzed each secretion system with Alien_hunter [37] to detect horizontally transferred
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genome segments. The T1SS, T3SS, and T4SS loci in B. pertussis, B. parapertussishu,
and/or B. bronchiseptica complex IV (D445) strains were predicted to be horizontally
transferred (Figure 3-4, red lines). The horizontal gene transfer likely contributed to the
different branch patterns of the secretion system phylogenetic trees, compared to the
genome-wide SNP tree.

Even though combinations of each secretion system show

similar tree topologies to the genome-wide tree, the individual secretion systems have
very different phylogenetic trees. This suggests that different evolutionary forces have
contributed to the diverse evolutionary history of each secretion system.
Table 3-2. Recombination/mutation ratio of individual secretion system in the classical
bordetellae strains. The recombination/mutation ratio of each secretion system, except T5SS, in
the classical bordetellae strains was calculated by RDP 4 suite and presented in this table.

Discussion
Secreted proteins are significant in bacterial pathogenesis, and often modulate
interactions between bacteria and the environment, especially the host immune response
[51]. As more and more bacterial genomes are being sequenced, our understanding of
bacterial secretion systems has increased. However, there are still many unanswered
questions involving the precise secretion mechanisms of each system, the exact
components that are involved in the working of these systems, and the interactions of
secretion components within the same system as well as with components of other
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systems. To date, the comprehensive secretion systems in the classical bordetellae have
not been studied in-depth. As we now have eleven sequenced genomes in the classical
bordetellae [50] and many more genomes will be sequenced with on-going sequencing
projects, it is time to start investigating the interactions of secretion systems and the
evolutionary pressures on these systems driving virulence factor evolution.
Similar to secretion systems in other Gram-negative bacteria, the classical
bordetellae contain two Sec-dependent secretion systems, T2SS and T5SS, and four Secindependent secretion systems, T1SS, T3SS, T4SS, and T6SS. All six secretion systems
are very similar to other bacterial secretion systems in that many core components are
conserved in the classical bordetellae. For example, all the secretion systems except
T2SS contain all the known essential core components in the systems (Figure 3-1).
Interestingly, the classical bordetellae T2SS has an incomplete set of core components
and may be closely related to the type 4 pili secretion system. In addition, the T3SS and
the T6SS have more components than other bacteria, suggesting that they contain
proteins that are species-specific and potentially add other functions to the systems.
Particularly, there are 5 proteins in the T6SS that do not have any known bacterial
functional domains (Appendix I).

Understanding the role of these proteins in the

secretion systems can give us insights into the differences in the bordetellae T6SS. We
also identified putative exported proteins, chaperones, onserved hypothetical proteins,
and flagellar proteins that are functionally associated with secretion systems, and
studying the functions of these proteins can help us comprehend the classical bordetellae
specific secretion system functions (Figure 3-2 and Table 3-1).
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We also have found that not only are there some variations in the classical
bordetellae secretion systems compared to other bacteria, but are also variations among
the classical bordetellae (Figure 3-3). Given that there are variations within individual
species and strains, the fact that T3SS is the most conserved secretion system in the
classical bordetellae strains confirms the significant role of this system in bordetellae
pathogenesis. Some of these variations appear to contribute to the known phenotypes.
For example, B. bronchiseptica strain 253 is missing T1SS, which is related to a
hypovirulent phenotype [52]. Also, B. pertussis strains and B. parapertussishu strain
12822 are missing the entire locus of T2SS, which is closely related to T4P of twitching
motility. This appears to be related to their nonmotile phenotype, in addition to the loss
of a non-functional flagellar loci [53]. Intriguingly, B. bronchiseptica human isolates are
either missing the T4SS (Bbr77 and MO149) or the T6SS (D445), but are hypervirulent
in the mouse model of infection [54]. Although it has been shown that this phenotype is
dependent on increased T3SS effectors, the involvement of T4SS and T6SS in virulence
needs to be further investigated. It is not surprising to see T5SS diversity since they are
autotransporters and distributed across the genomes.

Interestingly, many of these

proteins are either lost or pseudogenes in host-restricted strains, such as B. pertussis and
B. parapertussis strains (Figure 3-3), likely due to genome loss [50, 53]. Similarly,
components of the T6SS are either lost or pseudogenes in B. pertussis and B.
parapertussis strains. Identifying the effects that loss of these components have on the
virulence of host-restricted strains will aid in understanding the evolutionary history and
mechanisms of this system in different species.
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It appears that mutation, recombination, and horizontal gene transfer contribute to
the different evolutionary history of individual secretion systems in the classical
bordetellae (Figure 3-3, 3-4 and Table 3-2). Mutation appears to be a more dominant
force than recombination in most of the secretion systems except the T6SS, which has
shown recombination in an environmental Bordetella species, B. petrii (data not shown).
It is also supported by the fact that B. parapertussisov strain Bpp5 is missing some
components in the middle of T6SS locus (Figure 3-3). How and why this particular
recombination event happens in the T6SS will have to be further investigated to
understand the adaptation of Bordetella strains from commensals to pathogens and to
different hosts. In addition, horizontal gene transfer contributes to T3SS and T4SS in
host-restricted bordetellae strains, as its contribution to secretion systems is observed in
other bacteria [55–57].
As more classical bordetellae and even non-classical bordetellae genomes will be
sequenced with on-going projects, further study of these complex secretion system
interactions will help us understand the evolutionary mechanisms to adapt to different
hosts via diversifying and/or modifying the secretion systems in different species of
Bordetella.
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Abstract
Horizontal gene transfer (HGT) allows for rapid spread of genetic material
between species, increasing genetic and phenotypic diversity. Although HGT contributes
to adaptation and is widespread in many bacteria, others like Bordetella species, show
little HGT. This study further builds on previous work to analyze the evolutionary
mechanisms, causing variation within the locus encoding a prominent Bordetella antigen.
We observed in Bordetella strains discrete regions of the lipopolysaccharide O-antigen
locus with higher sequence diversity than the genome average. Regions with less than
<50% sequence similarity had low dN/dS ratios and lower GC content compared to the
genome average. Additionally, phylogenetic tree topologies based on genome-wide SNPs
were incongruent with those based on genes within these variable regions, suggesting
portions of the O-antigen locus may have been horizontally transferred. Furthermore,
several predicted recombination breakpoints correspond with the ends of these variable
regions. To examine the evolutionary forces that might have selected for this rare
example of HGT in bordetellae, we compared in vitro and in vivo phenotypes associated
with different O-antigen types. Antibodies against O1- and O2-serotypes were poorly
cross-reactive, and did not efficiently kill or mediate clearance of alternative O-type
bacteria, while a poorly immunogenic O-antigen offered no protection against
colonization. This study suggests that Bordetella O-antigen variation was introduced via
HGT through recombination. Additionally, genetic variation is maintained within the Oantigen locus because it may provide escape from immunity to different O-antigen types,
and potentially allow for the circulation of different Bordetella strains within the same
population.
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Introduction
Bacterial genetic variation can be produced by mutations, recombination events,
or horizontal gene transfer (HGT) [1, 2]. HGT can rapidly and dynamically exchange
genetic material between closely and distantly related organisms, which can lead to not
only antigenic variation, but also changes in the ecological niche and pathogenicity of
bacterial species [2–4]. HGT between closely related species has been observed in the
emergence of new strains, such as bacteriophage-mediated transfer of the Shigella
flexneri toxin to Escherichia coli, resulting in Shiga-toxin producing E. coli (STEC)
strain O157:H7 [5].

Additionally, interspecies HGT of plasmids and pathogenicity

islands often allows for the spread of antimicrobial resistance factors and novel secretion
systems [1, 6]. DNA recombination events between strains or closely related organisms
are known to generate variations within gene clusters [7]. However, there is still little
understanding of why some organisms exchange DNA frequently, while others add DNA
rarely or never, and of the evolutionary pressures that affect the frequency of HGT.
The classical Bordetella species, B. bronchiseptica, B. parapertussis, and B.
pertussis, are very closely related (> 95% DNA sequence identity), but have diverged via
large scale DNA loss (up to 25% of genome) or recombination with some evidence of
HGT [8, 9]. B. bronchiseptica isolates retain a larger genome and the ability to grow
efficiently in environmental reservoirs, such as lake water, and also infect a wide-range
of mammals, including immuno-deficient humans [10, 11]. Disease severities can range
from asymptomatic carriage to lethal pneumonia [12], but in general B. bronchiseptica
infections are lifelong and benign [11]. B. parapertussis and B. pertussis, the causative
agents of whooping cough in humans, appear to have independently evolved from a B.
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bronchiseptica-like progenitor by loss of many genomic regions accompanying their
adaptation to a closed life cycle, spreading from human to human without an
environmental reservoir [8, 11]. While many genes involved in environmental survival
have been lost, genes involved in infection are largely retained but differentially
expressed [8]. Importantly, there are no known examples of genes acquired horizontally
that contribute to the differential infections caused by these organisms. The differences
in infection phenotypes of the classical Bordetella species have been related to their
differential expression of a largely shared set of virulence factor genes, rather than
acquisition of new genes [8]. Intriguingly, our recent comparative analysis of genomes
of diverse bordetellae strains revealed some evidence of HGT within the genomes and
within smaller regions of loci shared by most strains [13]. One such locus was that
encoding the O-antigen.
Although the classical Bordetella species share many known antigens that can
induce cross-reactive antibodies, their lipopolysaccharide (LPS) structures differ in ways
that may be important to their overall cross-immunity. In B. bronchiseptica, the LPS is
comprised of Lipid A, an inner core (Band B), an outer core trisaccharide (Band A) and
O-antigen encoded by lpx, waa, wlb, and wbm loci, respectively [14]. The architecture of
the LPS amongst the species is similar in its acylated Lipid A and branched-chain core
oligosaccharide, although there are marked differences in acylation patterns of the Lipid
A between all three species [15, 16]. In addition, several strains of B. parapertussis do
not produce the trisaccharide, likely due to a mutation in the wlb locus, while B. pertussis
does not produce an O-antigen due to the lack of the wbm locus [17]. The O-antigen
locus in most B. bronchiseptica and B. parapertussis strains contains 24 genes, while the
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recently characterized wbm locus of one B. bronchiseptica strain (MO149) contains only
15 genes, most of which are genetically divergent from the previously characterized loci
[8, 10, 14, 18].

The first 14 genes within the O-antigen locus are thought to be

responsible for the biosynthesis of the pentasaccharide linker region connecting the Opolysaccharide to the inner core, synthesis of the polymer subunit, and the capping sugar
[14, 15, 19]. Specifically, genes within the middle of the O-antigen locus are predicted to
be responsible for modifications of the terminal sugar residue [10, 15]. Two sets of
modifications have been noted to correlate with O1 and O2-serotypes, suggesting that
antibodies against the O-antigen are directed against these terminal modifications [9, 19,
20]. Additionally, it has been shown that O1-specific immune serum does not recognize
O2-specific O-antigen molecules and vice versa, suggesting that varying antigenicity
could allow for evasion of existing immunity within hosts [9].
This study builds on preliminary evidence of HGT within the O-antigen loci of
several newly sequenced Bordetella strains [13]. We observed distinct regions within the
locus with lower GC content and greater sequence diversity (<50% sequence similarity),
but low dN/dS ratios, than the rest of the genomes. In addition, incongruent branching
patterns were observed in a phylogenetic tree based on variable genes in the locus
compared to a genome-wide SNP tree, suggesting that HGT may have occurred within
regions of this locus. Furthermore, there appears to be extensive recombination in regions
within the locus. Since HGT is rare amongst bordetellae we hypothesized that repeated
HGT within this locus could be the result of strong selective pressure for escape from
immunity to the parental strain’s O-antigen type. B. bronchiseptica strains induced
antibodies that efficiently recognized and killed bacteria with the same O-antigen type in
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vitro, and in vivo protected against infection in mice. However, strains of one O-antigen
type were largely unaffected by immunity generated against strains of other O-antigen
types. Overall, this work describes evidence of multiple HGT events within regions of
the O-antigen locus via recombination, and suggests escape from host immunity as a
strong pressure that could select for these HGT events.
Materials and Methods
Bacterial strains and growth
All strains used in this study have been previously described [8, 10, 13, 18].
Bacteria were maintained on Bordet-Gengou agar (Difco, Franklin Lakes, NJ) containing
10% sheep blood (Hema Resources, Aurora OR) and 20 !g/mL streptomycin (Sigma
Aldrich, St. Louis, MO). Liquid cultures were grown at 37˚C overnight in a shaker to
mid-log phase in Stainer-Scholte (SS) broth and heptakis [33, 34].
Lipopolysaccharide purification
LPS was purified by a modified Westphal method [35]. Briefly, 500 mL cultures
were seeded with mid-log phase (0.5 OD600nm) bordetellae and grown in a shaking
incubator at 37°C. Cultures were grown to an OD600nm of 1.0. Bacterial cells were then
pelleted at 500 x g and resuspended in 10 mLs of endotoxin free water. An equal volume
of 90% w/v phenol was added and the samples were heated to 65 °C for 1 hour with
stirring. Samples were then chilled followed by centrifugation at 1,000 x g. The aqueous
phase was dialyzed using 1000 molecular weight cut off dialysis membrane against
ddH2O for 48 hours. After lyophilization, the resulting material was resuspended in Tris
buffer (pH 7.5) and treated with 25 !g/mL of RNase (Ambion, Austin, TX) and 100
!g/mL of DNase (Mo Bio, Carlsbad, CA). 100!g/mL of Proteinase K (Ambion, Austin,
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TX) was then added. Following phenol extraction, the aqueous phase was dialyzed for
12 hours against ddH2O and lyophilized. Resulting LPS was suspended in endotoxin free
water.
Western blots
Purified LPS from the indicated bacterial strains were separated via sodium
dodecyl sulfate-15% polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
electrophoretically to polyvinylidene difluoride membrane (Millipore, Bedford, MA) as
previously described [9, 18, 36]. Membranes were probed with day 28 convalescent
serum, at a 1:1000 dilution, from mice inoculated with 104 CFU B. bronchiseptica strains
RB50, 1289 or MO149. Membranes were then probed with goat anti-mouse
(immunoglobulin

H+L)

horseradish

(Southern Biotech, Birmingham, AL).

peroxidase-conjugated

(1:10,000)

antibody

All membranes were visualized with ECL

Western blotting detection reagents (Amersham Biosciences, Piscataway, NJ).
Animal Experiments
C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME). Mice
were bred in our Bordetella- and pathogen-free breeding rooms at The Pennsylvania State
University, and all animal experiments were performed in accordance to institutional
guidelines. 4 to 6 week old mice were vaccinated intraperitoneally with 200!l of LPS
(100ng) on days 28 and 14 prior to challenge as previously defined [37]. Mice were
lightly sedated with 5% isoflurane (IsoFlo, Abbott Laboratories) in oxygen, and 104 CFU
B. bronchiseptica strains RB50, 1289 or MO149 were pipetted in 50ul of phosphatebuffered saline (PBS) (Omnipur, Gibbstown, NJ) onto the external nares. This method
reliably distributes the bacteria throughout the respiratory tract [36, 38]. To quantify
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bacterial numbers, mice were sacrificed at the indicated time points and the lungs, trachea
and nasal cavities were excised. Organs were then homogenized in PBS, the appropriate
dilution plated on BG agar with antibiotics, and CFU determined by counting colonies.
For collection of convalescent or vaccination-induced serum from mice, inoculated
animals were sacrificed 28 days post-inoculation or vaccination with 100ng of purified
LPS and bled orbitally as previously described [38]. To obtain serum, blood was
incubated at room temperature for 30 minutes and then spun for 5 minutes at 250 x g.
Serum was collected and stored at -80°C. For all appropriate data the average +/- the
standard deviation (error bars) are presented. Results were analyzed using the Student’s t
test with a P value of <0.05 considered significant.
Sequence analysis and GC content
Sequence percent similarity of the O-antigen locus of all eight strains [13] and
flanking regions based on B. parapertussis strain 12822 was plotted between 0% and
100% using zPicture [39]. GC content was calculated using the sliding window method
(window size 1,000 base pairs) across the genome of B. bronchiseptica strain RB50 or
the O-antigen locus of all eight strains using R [40]. Average and standard deviation for
the genome-wide GC content were also calculated by R.
Phylogenetic analysis and dN/dS ratios
Multiple alignments of individual genes in the O-antigen locus were generated by
the MEGA5 software, and maximum likelihood trees were constructed with a TamuraNei model and 1,000 bootstrap replicates [41]. dN and dS values were computed using
PAML package [42] with the Nei-Gojobori method [43]. In Hyphy, PARRIS was used to
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detect site-specific selection in wbmF and wbmC, while taking recombination and
synonymous rate variation into account [21].
Recombination analysis
The O-antigen locus nucleotide sequences were aligned based on B.
parapertussishu strain 12822, using Ssaha v2.2.1 [44].

Then, both Recombination

Detection Program (RDP3) [45] and Genetic Algorithm for Recombination Detection
(GARD) [46] were used to detect recombination breakpoints in the O-antigen locus. In
RDP3, default setting (with RDP, GENECONV, MaxChi, BootScan, and SiScan) was
used, except adding two more detection methods, including Chimaera and 3Seq, and
listing all recombination events. Once the analysis was complete, B. parapertussisov
strain Bpp5 was corrected to be the recombinant strain based on parsimony and all the
other recombination events were accepted, and then rescanned. All the predicted
recombination events were detected by at least six methods in RDP3, except the last
small fragment in B. parapertussisov strain Bpp5, which was detected by four methods.
The same alignment was analyzed by GARD program available at the datamonkey server
using HKY85 substitution model.
Complement-killing Assay
As previously described [47], bacteria were grown to mid-log phase, and 103 CFU
were incubated in serum containing antibodies generated against either O1-type LPS, O2type LPS or O3-type LPS at the indicated concentrations, with naïve serum, or PBS for 1
hour at 37°C. Bacteria were serially diluted and plated on BG containing 25!g/mL of
streptomycin. CFU were counted and compared to the initial inoculums in order to
determine percent survival of bacteria. For all appropriate data the average +/- the
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standard error (error bars) are presented. Results were analyzed using the Student’s t test
with a P value of <0.05 considered significant.
Results
Diversity within the wbm loci correlates with different O-antigen immunogenic types
Bordetella O-antigen types were previously defined as O1- or O2- serotype based
on cross-reactive antigenicity [9], but recently it was shown that B. bronchiseptica strain
MO149 produces a poorly immunogenic O-antigen designated O3 [18]. This O-antigen,
unlike O1 and O2, was not recognized by antibodies generated during infection, and did
not cross-react with any Bordetella O1- or O2- serotype specific antibodies [18–20]. To
assess the diversity of O-antigen antigenicity among the classical bordetellae, we
examined more strains by purifying their LPS and probing with antibodies generated
against LPS containing either O1-, O2-, or O3-type O-antigens (B. bronchiseptica strain
RB50, B. parapertussishu strain 12822, or B. bronchiseptica strain MO149, respectively)
(Figure 4-1A-C). Among the newly sequenced strains, B. bronchiseptica strain D445 was
recognized by O1-specific serum, while other strains (B. bronchiseptica strains 253 and
Bbr77) were recognized by O2-induced serum. As indicated by Emerald Green stain of
the LPS, both B. pertussis strains Tohama I and 18323, as well as B. parapertussisov
strain Bpp5, do not produce detectable O-antigens (Figure 4-1D).
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!
Figure 4-1. Diverse O-antigen type of the Bordetella species. (A-C) C57BL/6 mice were
inoculated with 104 CFU B. bronchiseptica strains RB50 (O1), 1289 (O2) or MO149 (O3), and
serum was collected 28 days later. LPS or LOS was purified from the indicated strains and was
probed with serum against the aforementioned bordetellae. (D) LPS or LOS was stained with
Emerald green; O-antigen and Band A are denoted.

Previous analysis of the first three Bordetella genomes revealed differences
between B. bronchiseptica strain RB50 and B. parapertussishu strain 12822 within a
region of the O-antigen locus shown to be required for O-antigen expression, wbmZwbmO [8, 9, 14, 19, 20]. Additionally, previous Comparative Genomic Hybridization
(CGH) analysis revealed variability across the locus in many lineages [10]. To define the
changes that have arisen within the O-antigen locus since the recent divergence of these
organisms, we compared the sequence of the entire wbm locus and flanking genes in 10
genomes and plotted the percent nucleotide identity of these genes in each strain,
including the seven newly sequenced genomes, to that of B. parapertussishu strain 12822
(Figure 4-2 and 4-3). Genes flanking this locus appear to be as highly conserved as the
rest of the genomes of these closely related strains. Both B. pertussis isolates (18323 and
Tohama I) lack the wbm locus and make no O-antigen, suggesting the locus was lost
during their relatively recent divergence from the other classical Bordetella species. The
remaining eight strains all have highly conserved genes at either end of the wbm locus as
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well as multiple other genes within the locus that are conserved and apparently intact, and
likely functional. This is consistent with the >95% identity in the core genomes of even
the most distantly related of these strains (unpublished data). However, only three strains,
Bbr77, 253 and 1289, contain an intact set of orthologs of all the wbm genes of the
reference B. parapertussis strain 12822 and the LPSs of all four strains with this set of
genes are recognized by anti-O2 O-antigen type antibodies (Figure 4-1B). Interestingly,
these four strains are distributed widely across a genome-wide SNP-based phylogenetic
tree (Figure 4-2) [13]. The two O1-type strains, RB50 and D445, are similar to the four
O2 strains in their conservation of the 14 genes from wbmA through wbmN, but contain a
very different set of genes within what we have designated Variable Region A (VRA)
that

correlates

with

their

antigenically

distinct

O1

type

(wbmO-wbmZ).

!
Figure 4-2. The O-antigen loci among the classical bordetellae. The O-antigen loci from the
sequenced classical bordetellae strains with several flanking genes are displayed in this figure.
Sequence similarity based on 12822 (blue) is shown with different color schemes based on %
identity. The genome-wide SNP tree was superimposed on the left.

A comparison of all ten strains using RB50 as the reference reveals that D445 is >95%
homologous to RB50 across the entire locus except for a small region comprising wbmE
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(Appendix K). The two remaining strains, Bpp5 and MO149, both differ from the other
six strains in a region we have designated Variable Region B (VRB) (Figure 4-2). Strain
MO149, the sole example of the poorly antigenic O3 type (Figure 4-1C and D) [18],
lacks VRA genes and has a set of genes in VRB that appear intact, but are either novel or
highly divergent orthologs with as little as 50% similarity to reference strain genes
(Figure 4-2). This set of genes is apparently sufficient to make a poorly antigenic Oantigen (Figure 4-1C and D) [18]. Strain Bpp5, which does not appear to make Oantigen, has a nearly complete VRA, but a highly divergent VRB, with several genes of
low similarity to reference genes, one unique gene and two apparent pseudogenes. The
two variable regions (VRA and VRB) are flanked in all B. bronchiseptica and B.
parapertussis strains by genes wbmA, wbmB and wbmC, which are conserved and share
between 90 and 100% sequence similarity (Figure 4-2). In addition, all of these strains
except MO149 also share highly conserved genes wbmAA and wbmBB on the other flank.
Interestingly, some distantly related strains retain highly homologous genes to the
reference (i.e. B. bronchiseptica strain 1289), while other strains that are much more
closely related differ substantially in discrete islands of genes.

For example, B.

parapertussis strains isolated from human (12822) and sheep (Bpp5) differ in two distinct
regions, wbmI-Q and wbmD-F (Figure 4-3). Also, some strains are closely related based
on genome-wide SNPs (i.e. 1289 and RB50) but have different sets of genes that
correspond with their different serotypes (O1 and O2, respectively), whereas some
distantly related strains (i.e. RB50 and D445) share the same serotype specific genes
(O1). Together, these data reveal that eight out of ten closely related strains retain genes
of high sequence similarity within this locus, but that four of these strains differ
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substantially in one or both of two variable regions. Overall, these differences appear to
correlate with antigenically different O-antigen types, but do not correspond to the
genome-wide SNP-based phylogenetic tree relating these strains.

Figure 4-3. Sequence similarity across the classical bordetellae O-antigen loci compared to
B. parapertussis 12822. Percent similarity of the O-antigen locus and flanking genes based on
12822 was plotted between 0% and 100% using zPicture [39]. Intergenic regions and coding
regions were highlighted with red and blue, respectively. The genome-wide SNP tree was
superimposed on the left.

Horizontal gene transfer of O-antigen loci in the classical bordetellae
One potential explanation for high SNP density within a region is that
spontaneous mutations accumulate due to positive (diversifying) selection. To examine
positive or negative selective pressures on the evolution of the O-antigen locus, we
calculated the dN/dS ratio for each gene across the entire locus for all strains (Figure 44). For all genes within all strains, the wbm loci dN/dS ratios were below 1, a signature of
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negative (purifying) selection, indicating that positive selection is not the driving
evolutionary force (Figure 4-4 and Appendix L). We also found no positively selected
sites (Posterior probability > 0.95) in any of genes, except wbmF and wbmC (data not
shown).

However, when we account for recombination using PARRIS in HyPhy

Package [21], there is no evidence of positive selection in either wbmF or wbmC (data not
shown), suggesting the possibility of other mechanisms, such as HGT, as the source of
the diversity of the O-antigen locus.

!
Figure 4-4. dN/dS ratios of the genes within the O-antigen loci. dN/dS ratios for the genes in
the O-antigen loci of all the strains were calculated using PAML package with the Nei-Gojobori
method.

One signature of HGT is that the acquired region displays a difference in genomewide characteristics, such as GC content. An analysis of the GC content of the entire
genomes identified the O-antigen locus as the most different from the genome average
GC content of ~67% (Figure 4-5 and Appendix M), with the GC content of many wbm
genes differing by more than two Standard Deviations (SD) from the genome average.
Similar results were observed using a 1,000 base pair sliding window (Figure 4-5B and
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Appendix M). Strains of the same O-antigen type had patterns of low GC content that
were similar to each other, but differed from those of other O-antigen types (Appendix
M). Intriguingly, the lowest GC content corresponded to the regions of highest diversity
within VRA and VRB (Appendix M), suggesting the evolutionary history that gave rise
to this diversity was not consistently under the pressures that maintain very high GC
content elsewhere in the genomes of the bordetellae.

These data also suggest the

possibility of HGT of the locus.

!
Figure 4-5. GC content of B. bronchiseptica strain RB50. The genome-wide (A) or O-antigen
locus (B) GC content of B. bronchiseptica strain RB50 is plotted in 1,000 base pair increments.
The overall average GC content of the entire genome is indicated by the red line, and the blue
lines represent the standard deviation across the genome.

To further assess the likelihood of HGT within VRA and VRB of the O-antigen
locus, we constructed maximum-likelihood trees based on individual O-antigen genes
and compared them with the genome-wide SNP tree (Figure 4-6). Trees based on
conserved genes, such as wbmA, were similar to the genome-wide SNP tree and the
previous multi-locus sequencing typing (MLST) tree [10], with B. bronchiseptica
complex I and IV strains clustering separately, for example.

Genes within VRA,
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including wbmZ, produced trees with different branch patterns that correlated with Oserotype, further supporting the conclusion that these genes are likely to have been
laterally transferred (Figure 4-6 and Appendix N). Additionally, other genes, such as
wbmL and wbmE, within the VRB produced trees with isolated branches containing
either one or two strains (B. parapertussisov strain Bpp5, B. bronchiseptica strains
MO149 or D445), while other strains appeared to cluster together with a branching
pattern similar to the genome-wide SNP tree (Figure 4-2, 4-3, and 4-6 and Appendix N).
These data are consistent with the conclusion that genes within the O-antigen locus were
horizontally transferred.

!
Figure 4-6. Phylogenetic trees for the classical bordetellae O-antigen loci. Phylogenetic trees
were constructed by maximum likelihood method with 1,000 bootstrap replicates with individual
gene sequences in the locus. Four representative (A: wbmA, B: wbmE, C: wbmN, and D: wbmZ)
of similar phylogenetic trees were presented in this figure.

Horizontal gene transfer via recombination
Since we did not observe any mobile elements associated with HGT, we used a
multi-software analysis approach to predict recombination breakpoints within the locus.
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We used both substitutions-distribution methods, such as GENECONV, SiScan, MaxChi,
and Chimaera, which test for significant substitutions clustering within sequences, and
phylogenetic methods, including Recombination Detection Program (RDP), BootScan,
and Genetic Algorithms for Recombination Detection (GARD), which search for
significant differences in tree topologies in order to predict recombination breakpoints
[22]. Both methods predicted several recombination breakpoints in the O-antigen locus
(Figure 4-7). Although there were some differences in the exact positions identified by
each method, we observed similar trends overall. From the GARD method, there were 4
major

breakpoints,

identifying

5

different

segments

(wbmBB-wbmZ,

wbmZ-

wbmO,wbmO-wbmF, wbmF-wbmC, and wbmC-wbmA) in the O-antigen locus (Figure 47, solid lines). The wbmZ-wbmO gene cluster (VRA) correlates with serotypes O1 and
O2. Within VRB, two segments were predicted in this recombination analysis, VRB1
(wbmO-wbmF) and VRB2 (wbmF-wbmC).

Additionally, there were some minor

breakpoints in BB0120, wbmQ, wbmK, wbmJ, wbmI/H, wbmD, and wbmC (Figure 4-7,
dashed lines), most of which are in VRA or VRB. From seven different methods in the
RDP3 package, seven segments were predicted, detected by more than four methods in
RDP, in the different strains.

In B. bronchiseptica strain MO149, recombination

breakpoints were predicted in BB0120, and between wbmE and wbmD. Two segments
were predicted in B. bronchiseptica strain D445, including wbmZ-wbmO and wbmFwbmD, while one segment between wbmS/T and wbmO was predicted in B.
bronchiseptica strain RB50.

Additionally, two fragments were predicted in B.

parapertussisov strain Bpp5, including regions between wbmQ and wbmH as well as
between wbmF and wbmC.

Lastly, one segment between BB0119 and wbmZ was
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predicted in B. parapertussishu 12822. These segments appeared to be transferred from
unknown sources, although most of the segments have high similarity to regions within
other bordetellae strains (Figure 4-7). Interestingly, our previous phylogenetic analysis
was supported by this recombination analysis. For example, we observed different tree
topology trends in conserved regions at the beginning and end of the locus as well as in
VRA and VRB (Figure 4-6). These topology trends correlate with the five observed
consensus segments (wbmBB-wbmZ, VRA: wbmZ-wbmO, VRB1: wbmO-wbmF, VRB2:
wbmF-wbmC, and wbmC-wbmA) in our recombination analysis (Figure 4-7). Together,
these data suggest that parts of the O-antigen locus may have been horizontally
transferred via homologous recombination.

!
Figure 4-7. Predicted recombination breakpoints for the classical bordetellae O-antigen loci.
The recombination breakpoints are predicted via Recombination Detection Program (RDP) and
Genetic Algorithms for Recombination Detection (GARD) in all the classical bordetellae strains.
Major breakpoints are indicated by a solid line, while minor break points are indicated by a
dashed line.
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Selective advantage of the divergent O-antigens in the bordetellae
Since HGT appears to be rare amongst Bordetella species, evidence of multiple
HGT events in the O-antigen locus could reflect an increased frequency of acquisition of
the genes within this locus or strong selective pressure on these genes. To examine the
potential selective advantage of acquiring a new O-antigen serotype, we incubated B.
bronchiseptica strains RB50 (O1-type), 1289 (O2-type) or MO149 (O3-type) with serum
containing antibodies generated against each LPS type. 10% O1 LPS-specific serum
killed > 85% of O1 strain (RB50), but did not kill either O2 (1289) or O3 (MO149)
strains (Figure 4-8A). This antibody-mediated killing was dose-dependent, as 1% and
0.1% O1-specific serum did not kill strain RB50 (Figure 4-8A). In a similar dosedependent manner, O2 LPS-specific serum killed the O2 strain but did not kill either O1
or O3 strains (Figure 4-8B). Surprisingly, O3 LPS-specific serum antibodies did not kill
any of these strains (Figure 4-8C). Thus, antibodies generated by non-cross reactive Oantigen types cannot recognize and kill other strains with different O-types, and the O3
serotype does not appear to induce an effective O-antigen antibody response.
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!
Figure 4-8. Immune mediated serum killing of O1, O2 or O3 type LPS. B.bronchiseptica
strains RB50 (green), 1289 (red), or MO149 (blue) were incubated with convalescent immune
serum from C57/BL6 mice inoculated with 104 of O1-type LPS (A), O2-type LPS (B) or O3-type
LPS (C) at the indicated serum percentages in the presence of naïve serum. Dashed line indicates
100% survival of bacteria.

In order to assess if an antigenically different O-antigen serotype could confer a
selective advantage by allowing evasion of immunity to other O-antigen serotypes, mice
were vaccinated with different O-type LPSs and challenged with O1-, O2-, or O3-type
bacteria. Previous research indicated that O1 and O2-type O-antigens do not induce
cross-protective antibodies that mediate efficient clearance of bacteria with the opposite
O-antigen type [9]. Similar to previous results nasal cavity and tracheal colonization was
not affected by any LPS vaccination (Appendix O). However, O1-type LPS vaccination
reduced RB50 (O1-type) colonization in the lungs by ~90%, but colonization by 1289
(O2-type) or MO149 (O3-type) was unaffected (Figure 4-9). Similarly, vaccination with
O2-type LPS reduced lung colonization by an O2 strain by 99%, but did not affect
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colonization by O1 or O3 strains. Strikingly, O3-type LPS vaccination did not reduce
colonization by any B. bronchiseptica strain, consistent with this O-type being poorly
immunogenic. Overall, these results indicate different O-antigens induce little crossprotective immunity, suggesting that acquisition of a new O-antigen type via HGT could
confer a selective advantage.

Figure 4-9. O1, O2, or O3 LPS vaccination affects colonization of B. bronchiseptica strains.
C57/BL6 mice were vaccinated with purified LPS (100 ng/per mouse) from RB50 (green), 1289
(red), MO149 (blue), or were sham vaccinated with PBS (white) on days 0 and 14. On day 28,
mice were inoculated with 104 CFU of RB50, 1289 or MO149, and lung colonization was
determined 3 days post-inoculation. The error bars represent standard deviation of 4 mice per
group. * indicates a p-value < 0.05.

Discussion
The classic examples of HGT involve the acquisition of clusters of new genes to a
species, such as plasmids or pathogenicity islands, via mechanisms involving insertion
sequences or other mobile elements [1, 6]. The classical bordetellae are closely related
organisms, and one of these lineages, B. pertussis, is amongst the most successful, acute,
and virulent of human pathogens, while another lineage, B. bronchiseptica, colonizes a
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broad range of mammalian host often asymptomatically [8, 11, 12]. Overall, these three
subspecies differ in some of the most important characteristics of bacterial pathogens,
including host range, virulence and persistence within the host. While acquiring new
genes by HGT is often associated with changes in bacterial pathogenesis, within the
classical bordetellae these differing characteristics have not been attributable to the
acquisition of any new genes conferring differential host specificity or increased
pathogenesis [8]. Intriguingly, our recent analysis of the genomes of ten diverse strains
of classical Bordetella revealed substantial genome loss in some lineages, but no
acquisition of new genes that could be associated with differing phenotypes [13]. These
organisms therefore represent a model system to understand how pathogens evolve over
time, as well as present the opportunity to examine pressures that drive selection for rare
HGT events.
HGT between closely related bacterial species is more frequent, albeit harder to
detect, than between distantly related bacteria [1, 23]. This may be because closely
related species are in greater contact in that they share overlapping ecological niches or
because they have similar genomic characteristics, making transferred DNA less likely to
be rejected [23]. Based on low GC content, high SNP densities with low dN/dS ratios,
and dissimilar phylogenetic trees across the locus, we identified subsets of genes within
the O-antigen locus of B. bronchiseptica strains, including genes encoding O1 and O2types, that appear to have been acquired via HGT. Although we have not yet identified
any associated mobile elements, such as a tRNA [24] or insertion sequence elements
[25], we have predicted several recombination breakpoints within the locus.

In

Salmonella enterica, Escherichia coli, and Klebsiella, genes toward the center of the O-
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antigen cluster are less conserved compared to the genes at the ends, and this may
facilitate the exchange of interchangeable modules within the locus to form new Oantigens [7]. The absence of mobile elements near the breakpoints suggests multiple
recombination-mediated HGT events involving O-antigen genes contribute to the
different O-antigen types of these closely related organisms.
The functional interdependence of the O-antigen synthesis/assembly pathways
appears to limit recombination within the locus. For example, the segment between
wbmA and wbmC, which was predicted to contribute to the linker region synthesis [18], is
confirmed to be conserved as a unit (Figure 4-2). Since wbmF, wbmG, and wbmH
together constitute the pathway for converting UDP-ManNAc3NAcA to the UDPGalNAc3NAcA for the O PS backbone [26], they also appear to be conserved as one
segment. Similarly, wbmL, wbmM, and wbmN, which are within the same segment
(VRB), are known to encode proteins that comprise ATP-binding cassette (ABC)
transporter systems to export the O-antigen [14]. The interdependence of genes in these
pathways is a critical consideration, since it is likely to limit recombination that destroys
any part of an important pathway. This interdependence also means that an acquired set
of genes must be complete and sufficient for a new phenotype, such as an altered Oantigen serotype, in order for there to be selective advantage to its acquisition. Since
HGT appears to be quite rare amongst these organisms, it is therefore of great interest
that there are potentially at least five different HGT events within this locus in these ten
strains. Together, these data suggest that there is strong selection for the newly acquired
genes within this locus, and therefore that each set of acquired genes is sufficient to
confer a novel and important phenotype.
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In S. enterica and E. coli, multiple O-antigen serotypes have been identified [27–
29] and are hypothesized to contribute to evasion of cross-immunity [30, 31], although
the limitations of animal models makes testing this a challenge. Loss of the O-antigen
locus by B. pertussis has been suggested to be a result of competition between it and a B.
bronchiseptica-like ancestor, which may have circulated within the human population
prior to the emergence of B. pertussis [32]. Additionally, previous research investigating
cross-protective immunity between O1 and O2-type O-antigens has indicated that lack of
protection may allow for the circulation of antigenically distinct B. bronchiseptica
isolates within populations [9]. The loss of antigenicity in some B. bronchiseptica
complex IV strains, which have been suggested to be more frequently associated with
human infections than complex I strains [10], may in part be due to immune-mediated
competition with B. parapertussis in the human population. Additionally, the discovery
of the third poorly immunogenic O-antigen type further highlights the significance of the
immune response as a likely strong selective pressure that could be driving HGT amongst
classical Bordetella. Since we have found that O-antigen interactions with complement
may influence host specificity (unpublished data), host adaptation may also drive
selection for different O-antigens.
Our study suggests that HGT of portions of the O-antigen locus in Bordetella
species, mediated by homologous recombination, is a mechanism to generate divergent
O-antigens. The lack of cross-immunity between different O-antigen serotypes may
provide an advantage to the acquisition of a new O-antigen type and could explain the
high frequency of HGT within this locus, relative to elsewhere in the genomes of
Bordetella species.

The evidence that O-antigen differences may allow evasion of
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immunity also leads to the prediction that greater variation will be observed within this
locus, relative to others, as more Bordetella genomes are sequenced.
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Chapter 5
Summary and Significance
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Summary
The first sequenced genome of a living organism was a bacterium called
Haemophilus influenzae in 1995. Since then thousands of bacterial genomes have been
sequenced; yet, we understand only a small portion of the bacterial community, how they
interact with each other, and how they adapt to host niches and to different environments
[1–3]. One powerful approach to understand these complex questions is comparative
genomics, which allows for not only studying the differences between species, but also
analysis of various strains within the same bacterial species [4]. The classical Bordetella
are important species to study because their genetic diversity is very restricted compared
to other pathogens, such as Salmonella, but they still have diverse host specificities and
cause a range of different diseases [4–6]. Additionally, the classical bordetellae are
important bacteria to study, because Pertussis is still one of the leading causes of vaccinepreventable deaths, despite the introduction of a vaccine in 1940s [7–10].

This

dissertation work attempts to understand the diversification and host adaptation of the
classical Bordetella species by defining and analyzing the total genome (pan-genome).
Additionally, this work studies the evolutionary pressures and mechanisms on virulence
factor gene loci, such as the secretion systems and the O-antigen, and their effects on
pathogenesis, evasion of immunity, and host adaptation.
In the second chapter of this dissertation, we sequenced and analyzed seven
phenotypically unique classical Bordetella strains, including five B. bronchiseptica
strains isolated from mammals including humans, a B. parapertussisov strain that was
isolated from a sheep, and a B. pertussis strain isolated from a human. The comparative
genomic analysis of these strains with four previously published classical bordetellae
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genomes revealed that the newly sequenced strains share similar genomic characteristics,
but only approximately 50% of genes in the classical bordetellae are conserved and
shared by all (Figure 2-1 and 2-2). The substantial diversity of genome content in these
closely related pathogens may relate to their diverse host ranges and virulence
characteristics. Then, we look for bacterial mechanisms to diversify and to maintain the
variations within these pathogens.

Intriguingly, upon investigation of the known

bacterial virulence factors, one appears to have undergone horizontal gene transfer (HGT)
events (Figure 2-4, 2-5, 2-6, and 2-7). This indicates that HGT, rarely noted within the
classical bordetellae, may contribute to strain diversity and/or evasion of host immunity.
These findings were published at BMC Genomics in October 2012, and to our
knowledge, it is the first comprehensive genomic analysis of multiple classical Bordetella
strains since 2003.
In the next chapter, we focused on the secretion systems, which are important
virulence factors in the classical bordetellae. Using comparative genomic analysis, we
determined similarities and differences of these systems compared to other Gramnegative bacteria (Figure 3-1).

Our protein network analysis identified functional

associations within and among different secretion systems (Figure 3-2 and Table 3-1). In
addition, we have identified several candidate proteins that are associated with specific
systems, which need to be further studied to determine their functions in pathogenesis.
As we have found variations and different evolutionary histories of these systems within
the classical bordetellae (Figure 3-3 and 3-4), this work provides insights to
understanding and defining the complex genes, loci, and mechanisms that contribute to
survival of the classical bordetellae in different hosts via unique sets of secretion systems.
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This work is the first comprehensive genomic analysis of secretion systems in the
classical bordetellae.
In the fourth chapter, we focused on a specific virulence factor, O-antigen, which
was a predicted HGT candidate in our genomic analysis, and is known to block antibodymediated immunity. We investigated the mechanism behind evolution of this locus in the
bordetellae to understand how bacterial pathogens circulate in animal populations and
evade protective immunity. This project was built on our comparative phylogenomic
analyses of the classical bordetellae genomes to understand the role of genomic and
phenotypic diversity among antigenically distinct O-antigens (Figure 4-1, 4-2, and 4-3).
The strong evidence for HGT within this locus combined with in vitro and in vivo
evidence of the selective advantage of antigenically distinct O-antigens suggested that
HGT allowed for evasion of immunity against differential O-antigen-induced antibodies.
This study provides a potential mechanistic explanation for why there is HGT of these
genes, but only few elsewhere in the genome (Figure 4-4, 4-5, 4-6, 4-7, 4-8, and 4-9).
Furthermore, this project broadens the scope of what is currently known about the
contributions of HGT to strain diversity and evasion of immunity in the bordetellae. This
work is submitted to BMC Evolutionary Biology, and is the first comprehensive
interdisciplinary analysis of the O-antigen locus in the classical bordetellae.
This final chapter will discuss the significant implications of previous chapters to
a broader audience, as well as the future directions of these studies. They will be
discussed within the centralized theme of genomics in regard to speciation and host
restriction, but also the association of phenotypic differences to genomic variation among
these closely related pathogens.
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Significance
Availability of multiple classical Bordetella genomes
Three strains of the classical bordetellae (B. bronchiseptica RB50, B.
parapertussis 12822, and B. pertussis Tohama I) were sequenced to completion in 2003
[5]. Although draft genomes of seven B. pertussis strains were previously published [11,
12], there was little information about the evolutionary changes between the three
different species to elucidate mechanisms of host adaptation or differences in
pathogenesis between strains and species.

We sequenced seven divergent classical

Bordetella strains, all of which have diverse hosts and virulence phenotypes. Most
sequenced B. bronchiseptica strains were isolated from animals and some of them were
isolated from humans [4].

Availability of these multiple genomes not only helps

researchers to annotate new genomes faster and more accurately, but also to understand
classical bordetellae genome diversity. Furthermore, it leads microbiologists to identify
candidate genes and loci to study functions in bacterial pathogenesis. Overall, having the
pan-genome of the classical bordetellae will further elucidate novel genes and speciesspecific genes (Figure 2-1 and 2-2) that may provide greater insight into host adaptation,
bacterial virulence, and evasion of vaccine-induced immunity. In addition, knowing that
the classical bordetellae have a slowly closing pan-genome (Figure 2-3) also helps us
pursue the sequencing project with a hope that we will have a nearly complete pangenome of the classical bordetellae in the near future.
As more genome sequences are accumulated, researchers in the bacterial
genomics field have started questioning the definition of open and closed pan-genome.
The pan-genome of classical bordetellae is one of the examples that confounds the
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current definition, and suggests that the pan-genome definition should be a gradient to
accommodate bacterial diversity on how open bacteria are to acquiring new genetic
materials [13]. For example, Chlamydia trachomatis and Bacillus anthracis are known to
have closed pan-genomes [2, 14], while E. coli has an open pan-genome with nearly 80
new genes discovered for each additional sequenced genomes [15].

However, B.

bronchiseptica, like Streptococcus pneumoniae, is shown to have an open pan-genome,
but the number of novel gene families is likely to decrease more rapidly with additional
genomes sequenced, suggesting an intermediate category between open and closed pangenome (Figure 2-3) [13]. Thus, the understanding of the classical bordetella pangenome with on-going sequencing projects will advance the concepts of open and closed
genomes in the bacterial genomics field.
More comprehensive phylogenetic relationship of the classical bordetellae
Our genome-wide SNP-based phylogenetic tree and genome content phylogenetic
tree confirm the limitations of phylogenies based on small fragments of the genomes,
such as the previously constructed MLST minimum spanning tree, and provides a more
comprehensive phylogenic relationship of the classical bordetellae [4, 16, 17]. This helps
clarify species designation of B. parapertussis ovine and human strains compared to
other classical bordetellae (Figure 2-4 and 2-5). Furthermore, the resolution of our
genome-wide SNP tree also provides a firm foundation to compare it with other trees
built based on individual genes or loci, especially when we try to understand the
evolutionary histories and mechanisms of specific genes and loci.
Our genome-wide SNP tree also supports previous work in identifying two
distinct complexes of B. bronchiseptica strains, including complex I strains that primarily
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infect animals and complex IV strains that are mostly isolated from humans [17], and
indicates that it is worth our time to study both complexes in order to understand host
specificity (Figure 2-5, 2-6, and 2-7).

This sets down the genomic groundwork to

potentially help us to understand new emerging species of Bordetella, such as B. holmesii
[18–21], especially because there has been much discussion on the concept of species in
bacteria [22, 23]. Most B. bronchiseptica complex IV strains are isolated from humans,
and the genome-wide SNP tree suggests more close relationship to B. pertussis strains
than other classical Bordetella strains (Figure 2-5).

In addition, many important

virulence factors, such as Pertussis toxin and some secretion systems, are different from
B. bronchiseptica complex I strains (Figure 2-4, 2-6, and 2-7). These data suggest that
classifying strains into different species based on DNA-DNA hybridization, growth rate,
morphology, and 16S rRNA sequence identity is very artificial compared to what is
actually going on in nature [22]. Thus, studying the multiple genomes from different
hosts, especially B. bronchiseptica complex I and IV strains, with more evolutionary and
ecological insight will allows us to have a more appropriate prokaryotic species definition
in the near future.
Host adaptation via genome loss, mutation, recombination, and horizontal gene
transfer
When bacteria specialize to a different niche, this adaptation is often accompanied
by a variety of mechanisms, including genome loss, point mutations, duplications,
recombination, or acquisition of novel genetic materials by horizontal gene transfer
(HGT) [24–29]. For example, large-scale genome loss has been shown in B. pertussis
and B. parapertussis, which appear to have evolved from zoonotic generalists into
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specialized human pathogens [5]. In addition, we observed that many virulence loci,
such as Pertussis toxin, secretion systems, and O-antigen, were lost or inactivated in
human isolates (B. bronchiseptica complex IV strains, B. parapertussis strains, or B.
pertussis strains) (Figure 2-4). We also observed duplication events, such as ptxB and
ptxC, in the classical bordetellae [4]. However, many genes, including virulence factors
and phage-related genes, still follow the simple mutation process to be changed over time
in the classical bordetellae [4]. When we assessed the rho/theta (recombination/mutation)
ratio of the individual secretion systems among the classical bordetellae, we determined
that mutation appears to be a more dominant evolutionary force compared to
recombination in most secretion systems (Table 3-2). This suggests that mutation in
conserved genes is still an important evolutionary mechanism that contributes to bacterial
diversity.

The T6SS, however, has shown evidence of recombination in an

environmental Bordetella species, B. petrii, and in B. parapertussis strain Bpp5. This
suggests that recombination contributes to genomic variations in different species, and
indicates that T6SS may have different functions in various species due to this
recombination, which need to be further studied.
Bacterial diversity is also associated with HGT, which appears to be quite rare
amongst the classical bordetellae. Surprisingly, nine to eighteen percent of each genome
was identified as containing potential HGT candidates in the classical bordetellae. In
addition, the presence, absence, or inactivation of virulence factors does not always
follow the phylogenetic species relationships, suggesting that HGT can be a potential
evolutionary mechanism (Figure 2-4).

The ptx/ptl locus appears to be horizontally

transferred based on SNP and phylogenetic analysis (Figure 2-5, 2-6, and 2-7). This
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example suggests that HGT followed by divergent evolution contributes to host
adaptation from bacterial generalists to specialists and to strain diversity within the
classical bordetellae. It also appears that the HGT likely contributed to the diversity of
secretion systems, which has been shown in other bacteria (Figure 3-4) [30–32].
Furthermore, we determined that genes within the O-antigen locus of B. bronchiseptica
strains appear to have been acquired via recombination-mediated HGT (Figure 4-3, 4-4,
4-5,

4-6,

and

4-7).

Interestingly,

the

interdependence

of

the

O-antigen

synthesis/assembly pathways appears to limit recombination within the locus, suggesting
that there is strong selection for the newly acquired genes within this locus. Based on in
vitro and in vivo results, the lack of cross-immunity between different O-antigen
serotypes (O1, O2, or O3) also appears to provide a selective advantage for acquiring a
new O-antigen type (Figure 4-8 and 4-9). Overall, these data confirm that O-antigen
diversity via HGT is influenced by selective pressure exerted by the host immune system
[33], suggesting that more diverse O-antigen types in the classical bordetellae can evade
immunity.

These results have important implications for vaccine design and

development as well as the use of live vaccine strains, since there is possibility that it will
select for more diverse bordetellae strains that may be able to avoid vaccine-induced
immunity via altering O-antigen types.
Through the comparative genomic analysis, we have observed all the evolutionary
mechanisms for the host adaptation and bacterial diversity, including genome loss,
mutations, duplications, recombination, and even horizontal gene transfer, which has not
been fully studied in the classical bordetellae field. Further understanding the role and
contribution of these various mechanisms to the diversity of these organisms will be
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significant to improve vaccine efficacy and to prevent the emergence of new infectious
disease.
Multi-disciplinary approaches are critical to understand host-pathogen interactions
The field of microbiology has been embracing the idea of interdisciplinary
approaches to comprehend a single type of bacterium [34]. Using in silico methods, we
can identify candidate genes that play a role in host-pathogen interactions, while from in
vitro experiments we may determine the role/interaction of specific proteins with host
cell components. Finally, we are able to validate the role of these proteins in bacterial
pathogenesis within living hosts, such as the established mouse model, which has been a
huge advantage for studying many bacteria, including the classical bordetellae.
Using the O-antigen project as an example of interdisciplinary approaches, our in
silico analysis, such as genome-wide GC content, SNP, and phylogenetic analysis,
suggested that the O-antigen locus was diverse in the classical bordetellae strains, and
that portions of the locus appeared to have undergone HGT via recombination (Figure 42, 4-3, 4-4, 4-5, 4-6, and 4-7). Once we identified an important virulence factor that was
significant in classical bordetellae diversity, we then determined the role of this factor in
the bordetellae pathogenesis. Our serum-killing assay (in vitro) suggested that antibodies
induced by O-antigen types cannot kill other bacteria containing different O-antigens, and
the O3 serotype does not induce any effective O-antigen antibody response (Figure 4-8),
suggesting a potential role in host-pathogen interaction. Finally, mice (in vivo) were
vaccinated with O-type-specific LPS and challenged with three different O-type bacteria.
We observed O1 and O2 LPS vaccination only reduced the same O-type bacteria
colonization in the lungs, indicating that different O-antigens have little cross-protective
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immunity (Figure 4-9).

Uniquely, the O3-type LPS vaccination did not reduce

colonization by any B. bronchiseptica strain, suggesting that acquisition of a poorly
antigenic O-antigen could confer a strong selective advantage.

Thus, our multi-

disciplinary analyses allowed us to determine that recombination based HGT was
selected for via host immunity, and contributes to O-antigen diversity, allowing for cocirculation of diverse strains within populations.
Future directions
More sequenced genomes needed to comprehend the evolution of the Bordetella
species
Since we determined that the classical bordetellae subspecies have an open but
“slowly closing” pan-genome (Figure 2-3), we are confident that we can encompass the
full pan-genome of the classical bordetellae with a hundred more classical Bordetella
strains. Through this ongoing sequencing of genomes, we will have the pan-genomes of
each individual species, B. pertussis, B. parapertussis, and B. bronchiseptica. Since the
pan-genome often reflects host range and gene pool availabilities, these sequenced
genomes will help us identify candidate genes that contribute to host adaptation and to
differences in disease severities of each species.

Additionally, understanding the

evolutionary mechanisms for B. bronchiseptica complex IV strains (human isolates) will
lead us to be aware of potential emerging human pathogens. Furthermore, six nonclassical bordetellae species genomes will provide insights into the pan-genome of the
entire Bordetella genus and the evolution of Bordetella species from environmental
bacteria, to generalist agricultural pathogens, and to host-restricted human pathogens.
Lastly, a general survey of virulence factor diversity, especially the presence and
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variations of the Pertussis toxin locus, secretion systems loci, and the O-antigen locus,
through this sequencing effort may help us trace phenotypic differences to the genomic
variation among these closely related pathogens.

Overall, our initial comparative

genomic analysis will guide us to more focused future sequencing projects in order to
comprehend the Bordetella genome diversity that contributes to variations in host
specificity and pathogenesis.
Experimental validation of Pertussis toxin expression and candidate effectors of
secretion systems
Expression of Pertussis toxin (Ptx) has not yet been observed in B. bronchiseptica
or B. parapertussis strains. However, there are multiple pieces of evidence, suggesting
that there are conditions under which these loci may be expressed. The fact that the
entire operon is conserved in both strains [35] and that there is non-random distribution
of SNP accumulations in different genes of this locus support this view. In addition, Ptx
is known for multiple biological activities involved with host-pathogen interactions [36,
37], which may contribute to the broad host range of these pathogens. Thus, finding the
conditions under which both pathogens express this toxin, a toxin that is one of the main
components of current vaccines [38], is crucial for further analysis of the role and
evolutionary mechanisms of Ptx in Bordetella pathogenesis.
Through protein network analysis, tens of proteins have shown a potential
functional association with secretion systems in Bordetella species. Most of them are
putative exported proteins, conserved hypothetical proteins, flagellar proteins, and
molecular chaperones (Figure 3-2). Studying the functions of these proteins within the
secretion systems using in vitro and in vivo experiments will lead us to determine their
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roles in bordetellae pathogenesis, as well as find potential effectors or regulators of these
secretion systems. Furthermore, there are many proteins without known homologs in
other bacteria, suggesting a Bordetella species-specific function, and future experiments
with these proteins will give us insights into them in the context of Bordetella hostpathogen interactions.
Survey of diverse O-antigens in the classical bordetellae
Our study suggests that O-antigen differences provide escape from antibodyinduced immunity, conferring selective advantage to the recombination-mediated HGT
events in Bordetella genomes (Figure 4-3, 4-4, 4-5, 4-6, 4-7, 4-8 and 4-9). This leads to
the prediction that greater variation will be observed within this locus, relative to others,
as more Bordetella genomes are sequenced. Furthermore, it suggests that different Oantigen serotypes may be prevalent within the same population or even within the same
host. It has been shown that the O-antigen locus was lost in B. pertussis potentially as a
result of competition between B. pertussis and a B. bronchiseptica-like ancestor, which
circulated within the human population prior to B. pertussis [39]. Even though, B.
pertussis lost the O-antigen locus, human pathogen B. parapertussis still expresses an Oantigen, which has been shown to allow it to evade B. pertussis-induced immunity, and
likely allow for co-circulation of both pathogens within the human population.
Intriguingly, the loss of antigenicity in B. bronchiseptica complex IV strains may be due
to immune-mediated competition with B. parapertussis in the human population. In fact,
we have observed that the poorly immunogenic O-antigen (O3) is more prevalent in B.
bronchiseptica complex IV strains than in any other classical Bordetella strains
(unpublished data). Thus, the general survey of diverse O-antigen serotypes in the
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classical bordetellae that have different host specificities will shed light on the
significance of the immune response as a strong selective pressure of HGT events in the
classical bordetellae.
Transcriptomic analysis of the classical bordetellae
In understanding the biology of bacteria, the knowledge gained from genome
sequences is only part of the big picture. Determining all transcribed sequences and how
they are regulated is considered to be another significant analysis to comprehend the
mechanisms for phenotype variations in bacteria [40]. It is especially significant to have
transcriptomic data on the classical bordetellae, because of their high genetic similarity,
but diverse host specificity and virulence phenotypes.

For example, the Type III

Secretion System (T3SS) locus in both B. bronchiseptica strain RB50 and B. pertussis
strain Tohama I is comprised of complete, intact genes, but only the T3SS in B.
bronchiseptica RB50 is expressed [5, 41].

According to Burkholderia cenocepacis

comparative transcriptome analysis, two strains isolated from different hosts (one from
soil and the other from a cystic fibrosis patient) have shown transcriptional differences in
many homologous genes that have even 99.8% of nucleotide identity conservation [42].
Thus, we also expect to see differential transcription level of virulence related genes in B.
bronchiseptica strains that are isolated from humans, such as MO149, D445, and Bbr77,
than from animals, such as RB50, 1289 [43], and 253 [44]. Additionally, comparing
transcriptomic data to identify different coding and non-coding transcripts will increase
our understanding of host specificities, virulence variations, and diverse disease
symptoms of classical bordetellae by regulation of transcription.
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Appendix A. Chapter 2. Comparative genome content of thirteen Bordetella
strains.

Circles indicate the presence (solid color) or absence (unfilled) of each gene family in each strain
examined. Circles from outer to inner are started with the B. petrii strain followed by the B. avium
strain, and the pan-genome of the classical Bordetella strains. Then, the individual circles of B.
bronchiseptica, B. parapertussis and B. pertussis strains were shown. This figure was created
using the Circos software.
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Appendix B. Chapter 2. Lists of gene families that are present in the pangenome of the classical Bordetella strains.
This table summarized the gene family numbers, representative gene name, predicted function of
encoding proteins, presence (1) or absence (0) of each gene family in individual genome, and the
sum of each row for sorting purposes. This Appendix is present with a separate file (Appendix
B.xls).
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Appendix C. Chapter 2. The number of SNPs within genes and the dN/dS
ratios of genes that have high numbers of SNPs.
This table summarized the start and end position of genes in RB50, gene name, strand, gene
length, predicted function of encoding proteins, number of SNPs among the classical bordetellae
based on RB50, and number of SNPs per 100 base pair. dN, dS, and dN/dS ratio are included
only for fifty genes that have high numbers of SNPs. The mean SNPs per 100bp for the whole
genome was 2.24. When the orthologs are pseudogenes, we did not calculate dN/dS ratios,
indicating NA in the columns. This Appendix is present with a separate file (Appendix C.xls).
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Appendix D. Chapter 2. Percent sequence similarity of B. pertussis ptx/ptl loci
with flanking genes against Tohama I.

Percent sequence similarity of B. pertussis ptx/ptl loci and flanking genes compared to Tohama I
was plotted between 95% and 100% using zPicture. Intergenic regions, coding regions, and a
tRNA were highlighted with red, blue, and green, respectively.

150

Appendix E. Chapter 2. Pair-wise dN/dS ratios for individual gene in the
classical bordetellae ptx/ptl locus.

dN/dS ratios of eight classical bordetellae were plotted for individual genes in the ptx/ptl locus. B.
pertussis strain Tohama I represents another B. pertussis strain CS because they share identical
nucleotide sequences in the ptx/ptl loci. Each figure represents the following: ptx/ptl genes (A),
ptx genes (B), ptxA (C), ptxB (D), ptxD (E), ptxE (F), ptxC (G), ptl genes (H), ptlA (I), ptlB (J),
ptlC (K), ptlD (L), ptlI (M), ptlE (N), ptlF (O), ptlG (P), and ptlH (Q).
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Appendix F. Chapter 2. Genome-wide horizontal gene transfer candidates for
the classical bordetellae.

The position of the candidates is plotted in each genome: Bpp5 (A), 12822 (B), Tohama I (C), CS
(D), 18323 (E), RB50 (F), 1289 (G), 253 (H), MO149 (I), Bbr77 (J), and D445 (K). The height
represents the score of Alien_hunter and the red line represents the threshold for each genome.
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(D), 18323 (E), RB50 (F), 1289 (G), 253 (H), MO149 (I), Bbr77 (J), and D445 (K). The height
represents the score of Alien_hunter and the red line represents the threshold for each genome.

155

Appendix G. Chapter 2. Phylogenetic trees for the classical bordetellae ptx/ptl
locus.

Phylogenetic trees were constructed by maximum likelihood method with 1,000 bootstrap
replicates with individual gene sequences in the locus, or the entire ptx or ptl locus. Each figure
represents the following: entire ptx locus (A), ptxA (B), ptxB (C), ptxD (D), ptxE (E), ptxC (F),
ptl locus (G), ptlA (H), ptlB (I), ptlC (J), ptlD (K), ptlI (L), ptlE (M), ptlF (N), ptlG (O), and
ptlH (P).
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ptlH (P).
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Appendix H. Chapter 2. Multiple sequence alignments of the classical
bordetellae ptxB and ptxC.

Multiple amino acid sequence alignments of the classical bordetellae ptxB and ptxC were
presented in this figure.
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Appendix I. Chapter 3. Functional domains of individual secretion system
based on B. bronchiseptica strain RB50.
For each ORFs (Column 1) in B. bronchiseptica, the known gene name is given (Column 2), the
length of amino acid sequences is determined (Column 3), the functional domains with functional
description is stated (Column 4-5). Core components that are conserved in the classical
bordetellae are highlighted with yellow. This Appendix is present with a separate file (Appendix
I.xls).
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Appendix J. Chapter 3. Maximum likelihood phylogenetic tree of T5SS
proteins.

The phylogenetic tree of T5SS proteins of B. bronchiseptica strain RB50 was reconstructed by
neighbor joining methods with 1,000 bootstrap replicates. Three groups are presented with
different colors (Group 1- Red, Group2- Blue, and Group 3- Green).

161

Appendix K. Chapter 4. Sequence similarity across the classical bordetellae
O-antigen loci compared to B. bronchiseptica RB50.

Percent similarity of the O-antigen locus and flanking genes based on RB50 was plotted between 0% and
100% using zPicture. Intergenic regions and coding regions were highlighted with red and blue,
respectively. The genome-wide SNP tree was superimposed on the left.
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Appendix L. Chapter 4. Pair-wise dN/dS ratios of individual genes within the
O-antigen loci.

Pair-wise dN/dS ratios for the genes in the O-antigen loci of all the strains were calculated using PAML
package with the Nei-Gojobori method. Each figure represents the following: BB0120 (A), wbmBB (B),

wbmAA (C), wbmZ (D), wbmY (E), wbmX (F), wbmW (G), wbmV (H), wbmU (I), wbmT (J),
wbmS (K), wbmR (L), wbmQ (M), wbmP (N), wbmO (O), wbmN (P), wbmM (Q), wbmL (R),
wbmK (S), wbmJ (T), wbmI (U), wbmH (V), wbmG (W), wbmF (X), wbmE (Y), wbmD (Z),
wbmC (AA), wbmB (AB), wbmA (AC), and wlbL (AD).
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Appendix M. Chapter 4. GC content of the classical bordetellae strains.

The O1 type O-antigen loci (A), O2 type O-antigen loci (B), O- type O-antigen loci (C), or O3 type Oantigen loci (D) GC content of the classical bordetellae strains is plotted in 1,000 base pair increments. The
overall average GC content of the entire genome is indicated by the red line, and the blue lines represent
the standard deviation across the genome.
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Appendix N. Chapter 4. Phylogenetic analysis of genes within the O-antigen locus.

Phylogenetic trees were constructed by maximum likelihood method with 1,000 bootstrap replicates with individual gene sequences in the locus. Each figure
represents the following: wbmBB (A), wbmAA (B), wbmZ (C), wbmU (D), wbmT (E), wbmS (F), wbmR (G), wbmQ (H), wbmP (I), wbmO (J), wbmN

(K), wbmM (L), wbmL (M), wbmK (N), wbmJ (O), wbmI (P), wbmH (Q), wbmG (R), wbmF (S), wbmE (T), wbmD (U), wbmC (V), wbmB (W),
and wbmA (X).
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Appendix O. Chapter 4. Effects of LPS vaccination on nasal cavity and
trachea colonization of B. bronchiseptica strains RB50, 1289, and MO149.

C57/BL6 mice were vaccinated with purified LPS (100 ng/per mouse) from RB50 (green), 1289 (red),
MO149 (blue), or were sham vaccinated with PBS (white) on days 0 and 14. On day 28, mice were
inoculated with 104 CFU of RB50, 1289 or MO149, and nasal cavity (A) and trachea (B) colonization were
determined 3 days post-inoculation. The error bars represent standard deviation of 4 mice per group.
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