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ABSTRACT

The Bordetella are respiratory pathogens that infect a wide variety of hosts, and
this dissertation focuses on novel mechanisms employed by these bacteria to survive in
the mammalian host and in the environment. We highlight in chapter one the
mechanisms used by Bordetella species for pathogenesis and survival during infection,
and review immune responses to bacterial infection. Chapter two describes a novel role
for the Type Six Secretion System during infection. An analysis of 58 recently
sequenced B. bronchiseptica isolates revealed that one-third of recently sequenced
Bordetella bronchiseptica strains of the predominantly human-associated Complex IV
have lost their T6SS through gene deletion or degradation. Since the majority of B.
bronchiseptica human infections occur in immunocompromised patients, loss of the
T6SS may be selectively advantageous for B. bronchiseptica survival in
immunocompromised hosts. Infection of immunodeficient mice (Rag1-/-) with a T6SSdeficient mutant of B. bronchiseptica caused hyperlethality as compared to infection with
the wild-type strain. Additionally, large numbers of the T6SS-deficient mutant (but not
wild-type) bacteria were recovered from systemic organs 21 days post-inoculation.
While the T6SS was shown to decrease pathology and pro-inflammatory cytokine
production during infection of Rag1-/- mice, co-infection of the wild-type and T6SSdeficient strains revealed that a heightened inflammatory response associated with
infection of the T6SS-mutant is not sufficient to enable B. bronchiseptica translocation to
systemic organs. Rather, the T6SS-deficient B. bronchiseptica strain survives in Antigen
Presenting Cells (APCs) after phagocytosis and is trafficked to systemic organs inside
these cells. Meanwhile, wild-type B. bronchiseptica kills its eukaryotic cellular host via a
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T6SS-dependent mechanism and is thus not recovered systemically in immunodeficient
mice. We concluded that the bacterial T6SS and host adaptive immune components both
limit B. bronchiseptica survival intracellularly during infection. Loss of the T6SS in
recent B. bronchiseptica isolates, therefore, may enable persistence in an intracellular
niche in immunocompromised human patients.
In chapter three, amoebae are identified as potential environmental reservoirs for
the bordetellae. We showed that B. bronchiseptica efficiently infects single-celled
Dictyostelium discoideum trophozoites and survives and replicates in sori of D.
discoideum multi-cellular fruiting bodies. Additionally, the enigmatic Bvg- phase is
identified as important for survival in amoeba sori. While several other bacterial species
have been shown to survive endosymbiotically in amoeba sori, we show that B.
bronchiseptica lowers amoeba spore numbers over time while replicating in sori and thus
hijacks the amoeba mechanism of dissemination for its own benefit. By passaging B.
bronchiseptica-containing sori onto lawns of Klebsiella aerogenes, (an amoeba food
source), we identified a stable relationship between B. bronchiseptica and D. discoideum
such that the bacteria can be recovered from the sorus through multiple amoebic
lifecycles. While in amoeba sori, B. bronchiseptica can be geographically disseminated
by flies and can efficiently infect mice. These results suggest that amoebae act as an
environmental reservoir, replication medium, and transmission vector for B.
bronchiseptica.
We continue to examine B. bronchiseptica – amoebic interactions in chapter four.
While most amoeba resistant bacteria (ARBs) prevent D. discoideum differentiation into
fruiting bodies, B. bronchiseptica does not prevent D. discoideum initial plaque and
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fruiting body formation but rather inhibits plaque expansion. In contrast, amoeba plaques
formed on lawns of K. aerogenes expand efficiently over time. Additionally, we identify
the adenylate cyclase toxin as important for B. bronchiseptica inhibition of plaque
expansion. Interestingly, B. bronchiseptica does not inhibit amoeba plaque growth when
mixed with even low levels of K. aerogenes, suggesting that amoebae circumvent the B.
bronchiseptica mechanism of inhibition when other bacterial species are present.
However, growth of plaques and fruiting bodies on mixed B. bronchiseptica and K.
aerogenes lawns are altered, as evidenced by decreased fruiting body production relative
to those formed on K. aerogenes alone. Therefore, in the presence of other bacterial
species B. bronchiseptica loses its ability to inhibit plaque expansion but is still harmful
to amoebae. Importantly, B. bronchiseptica is recovered from sori of amoebae grown on
mixed B. bronchiseptica and K. aerogenes lawns. These data suggest that B.
bronchiseptica has a selective advantage as compared to bacterial “food” species in the
presence of amoebae due to its evolved ability to survive predation and replicate in
amoeba sori.
This dissertation highlights novel mechanisms employed by Bordetella for
survival in mammalian hosts and in the environment. It establishes that the T6SS limits
intracellular survival and that the loss of the T6SS in B. bronchiseptica strains may be
linked to B. bronchiseptica survival in the human population. Furthermore, it identifies
amoeba as a potential environmental niche for the bordetellae and elucidates the role of
the B. bronchiseptica Bvg- phase for survival in this niche. Lastly, this work delves into
the complex interactions that enable B. bronchiseptica to avoid predation by and utilize
D. discoideum in geographical dissemination and transmission to the next host.
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Altogether, this dissertation contributes to our understanding of B. bronchiseptica
transmission, pathogenicity, and persistence in novel mammalian and environmental
niches.
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Chapter 1

Bordetella species and host immune responses.
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Bordetella pertussis, Bordetella parapertussis, and Bordetella bronchiseptica are
gram-negative coccobacilli that infect the respiratory tract of mammals. While B.
bronchiseptica infects a wide range of mammals and sometimes immunodeficient
humans, B. pertussis and B. parapertussis have evolved from a B. bronchiseptica-like
ancestor and are the etiological agents of whooping cough in humans. Phylogenetically,
the three bordetellae are so similar that they have been classified as subspecies.
However, the varying host ranges, infection strategies, genome content, and virulence
factor expression amongst these subspecies provides a unique opportunity for studying
bacterial evolution, pathogenesis, and host specialization using these pathogens.

Figure 1-1: Prevalence of B. pertussis Reported Cases in the U.S.
This graph illustrates the number of pertussis cases reported to CDC from 1922 to 2014.
Following the introduction of pertussis vaccines in the 1940s when case counts frequently
exceeded 100,000 cases per year, reports declined dramatically to fewer than 10,000 by 1965.
During the 1980s pertussis reports began increasing gradually, and by 2014 more than 28,000
cases were reported nationwide. Data from Center for Disease Control and Prevention (CDC).
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Whooping cough, which afflicts 16-20 million people and results in
approximately 195,000 deaths annually [1], is characterized by a severe cough, an
inspiratory whoop, post-tussive vomiting, apnea, and sometimes death. A whole cell
vaccine (wP) was introduced in the 1950s and contributed to a 99% decrease in the
number of cases and deaths caused by the disease (Figure 1.1). Due to reactogenicity and
public concern, an acellular vaccine (aP) was released in the 1970s. Despite decades of
high vaccination in the intervening years, whooping cough has reemerged as a public
health problem in many countries. In fact, according to the Center for Disease Prevention
and Control (CDC), there were 48,000 cases in the United States (US) during 2012 alone.
Possible reasons for this reemergence include waning immunity, vaccine-driven
evolution, and/or vaccine avoidance. Researchers world-wide are currently focusing on
how to alter the vaccine for improved efficacy, but further work investigating
mechanisms of Bordetella infection, induction, and evasion of the immune response will
ultimately drive discovery of novel methods to counter this disease.

1.1 Virulence Regulon
Selective pressures encountered when colonizing a new host, including
competitive growth with other species and transitioning from external to internal
environmental conditions, have led to the evolution of specialized microbial regulatory
systems [2]. These systems work by signal transduction, whereby a cell recognizes an
external signal, converts the signal into an intracellular chemical form, and responds to
the signal by altering enzyme activity, gene expression, and ion-channel activity [3,4].

4

Homology of sensor-regulator systems across species suggests that many bacteria use
simple two-component motifs to link expression of genes and operons with external
stimuli.
In 1960, Lacey documented that addition of magnesium sulphate to Bordetella
growth medium caused a difference in bacterial agglutination that was reproducible and
was not the result of mutation and selection [5]. This and other work revealed that
chemical modulators (magnesium sulfate and nicotinic acid) and temperature (growth at
25oC as opposed to 37oC) select for reversible genetic alterations that affect virulence
[5,6]. Further work using Tn5 transposon insertion mutants revealed the presence of a
regulatory system present in the bordetellae that controls virulence factor expression
termed BvgAS (Bordetella virulence gene regulator) [2,7]. Like other two-component
signal transduction systems, the Bordetella Bvg regulon uses a sensor kinase (BvgS) to
send a signal to a response regulator (BvgA) via a four step His-Asp-His-Asp
phosphotransfer signaling mechanism (Figure 1.2A). Once phosphorylated by BvgS,
BvgA promotes transcription of Bvg+ phase specific genes by binding to cis acting
sequences in their promoter regions. BvgR, a gene activated by BvgA, mediates
repression of these Bvg+ phase specific genes and upregulates expression of Bvg- phase
genes. Most known Bordetella virulence factors are upregulated in the Bvg+ phase, while
the Bvg- phase is characterized by upregulation of genes involved in motility and
chemotaxis (Figure 1.2B). A third phase, Bvgi, has been recently identified that displays
reduced survival in vivo and may be important for environmental survival or transmission
from host to host [8].
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Figure 1-2: The BvgAS master regulatory system in Bordetella.
A) BvgS is a polydomain histidine sensor kinase and BvgA is a response regulator protein. BvgS
is active at 37 °C and becomes autophosphorylated at a conserved histidine (H) in the HK
domain. After transfer of the phosphoryl group to BvgA, phosphorylated BvgA (BvgA-P)
activates the expression of virulence-associated genes (vag loci; which are subdivided into class 1
and class 2 genes) and represses the expression of virulence-repressed genes (vrg loci; which are
class 4 genes). BvgS is inactive and remains unphosphorylated when bacteria are grown at a low
temperature (~25 °C) or at 37 °C in the presence of chemical modulators (such as magnesium
sulphate (MgSO4) or nicotinic acid). B) BvgAS controls four classes of genes and three distinct
phenotypic phases. The Bvg+ phase occurs when BvgAS is fully active and is characterized by
maximal expression of genes that encode adhesins and toxins and minimal expression of class 3
and class 4 genes. The Bvg+ phase is necessary and sufficient to cause respiratory infection in
vivo. The Bvg− phase occurs when BvgAS is inactive. The Bvg− phase is required for growth
under nutrient-limiting conditions, such as those that may be encountered in the ex vivo
environment. Reprinted with permission from Macmillan Publishers Ltd: Nature Reviews
Microbiology, Melvin, et al., Vol. 12, Issue 4, pp.274-288, ©2014

While nucleotide and amino acid sequences for B. pertussis, B. parapertussis, and
B. bronchiseptica are very similar for the putative kinase and DNA binding domains of
BvgAS, the sensor domain of BvgS is variable amongst the classical bordetellae [9]. Yet,
when BvgAS is fully active (in Bvg+ conditions), B. pertussis and B. bronchiseptica
express almost identical sets of toxins and adhesins including filamentious hemaglutinin,
pertactin, adenylate cyclase toxin, and fimbriae. When BvgAS is repressed (Bvg- phase),
chemotaxis and motility genes are upregulated in B. bronchiseptica and genes of
unknown function are upregulated in B. pertussis. Using phase-locked mutants, the Bvg+
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phase was shown to be necessary and sufficient for respiratory tract infection [10–12].
Ectopic expression of Bvg- phase genes in the Bvg+ phase-locked mutant proved
damaging for tracheal colonization, further suggesting that Bvg- phase genes are
repressed during Bordetella infection [13]. Since the Bvg- phase does not appear to be
required for respiratory tract colonization, the conserved Bvg- phase genes are
hypothesized to be utilized for environmental survival [11,12,14]. One paper has shown
the ability of B. bronchiseptica, but not B. pertussis or B. parapertussis, to survive in
nutrient limiting conditions (phosphate buffered saline or in lake water set to 37oC) [15],
and further work has shown that the Bvg- phase is required for survival and growth in
these conditions [12]. However, identifying an environmental reservoir for the
Bordetella species has remained elusive. Elucidating the molecular mechanisms
controlling global regulation of pathogenicity is essential for understanding evolution of
the bordetellae and more broadly for understanding the functioning of two component
bacterial systems and thus remains a central question of the Bordetella field.

1.2 Virulence Factors

1.2.1. Adherence Factors
Filamentious hemaglutinin (FHA) is a strongly immunogenic protein that is
produced by B. pertussis, B. parapertussis, and B. bronchiseptica in the Bvg+ and Bvgi
phases and serves as the dominant attachment factor for B. pertussis binding to ciliated
epithelial cells in vitro [16,17]. FHA proteins of B. bronchiseptica and B. pertussis are
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shown to be very similar with regards to molecular mass, structural dimensions, and
immunogenic isotopes [18–20]. Ectopic expression of FHA in the Bvg- phase revealed
that this adherence factor is necessary and sufficient to mediate attachment to rat lung
epithelial cells in vitro, and is required but not sufficient for tracheal colonization of rats
in vivo [21]. Additionally, FHA has been shown to be required for biofilm formation
[14]. One study investigating the role of FHA in affecting the host immune response
during infection has shown that this factor suppresses IL-12 production from
macrophages in an IL-10 dependent mechanism [22]. Another group has shown that
FHA causes production of pro-inflammatory and pro-apoptotic responses in several host
cell types [23]. Both studies therefore suggest a role for FHA in modulating the host
immune response during infection.
Fimbriae (FIM) are filamentous protein structures present on the cell surface of
most gram-negative bacteria that mediate attachment to host epithelia [16]. The classical
Bordetella contain the two major fimbrial serotypes (Fim2 and Fim3), and this adherence
factor is positively regulated by BvgAS [24]. Recent cell culture and mammalian
infection work has shown that FIM produced by B. bronchiseptica and B. pertussis are
functionally interchangeable [25]. FIM is important for tracheal colonization and
persistence in rats and mice [26], and required for progression of infection from the upper
to lower respiratory tract in pigs and rats [25,27]. Other data has suggested that FIM is
important for modulation of the immune response during initial infection [27].
Additionally, lower serum anti-Bordetella antibody production with infection of the
∆FIM mutant suggests that FIM induce a humoral immune response during Bordetella
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infection [26]. Fim2/3 are included in acellular pertussis vaccines, and have been shown
to promote greater vaccine efficacy [16].
Pertactin (PRN) is an autotransporter present in B. pertussis, B. parapertussis, and
B. bronchiseptica that is thought to play a role in attachment due to the presence of
motifs often involved in eukaryotic cell binding [28] and in vitro results suggesting that
PRN contributes to B. pertussis adherence to respiratory epithelial cells [29]. While
experiments have failed to identify a role for B. pertussis PRN in adherence in vivo [30],
the B. bronchiseptica PRN appears to be important for prevention of neutrophil mediated
clearance and for persistence in the lower respiratory tract [27,31]. PRN is a component
of acellular vaccines, and the recent recovery of PRN-deficient clinical strains suggests
that vaccine-driven evolution may be affecting bacterial composition [32,33].

1.2.2. Toxins
Adenylate Cyclase Toxin (ACT) is a calcium dependent, calmodulin sensitive
pore- forming cytotoxin from the repeats-in-toxin (RTX) family of toxins (Figure 1.3).
ACT is produced by all mammal-infecting bordetellae and is expressed in the Bvg+
phase [16]. CyaC is required to activate the CyaA prototoxin by fatty acyl group
modification [34,35], and, when activated, secreted CyaA then intoxicates, or poisons,
host cells [36] and inhibits biofilm formation [14]. ACT functions as an antiinflammatory and anti-phagocytic factor during infection by causing increased cyclic
AMP production once inside cells (affecting downstream signaling) [37–39] and by
inhibiting superoxide anion production by neutrophils [40], inducing apoptosis of
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Figure 1-3: Schematic of Adenylate Cyclase Toxin structure and function.
A) Bordetella adenylate cyclase toxin (ACT) is composed of two primary domains: a
calmodulin-responsive adenylate cyclase enzymatic domain and an RTX (repeats in toxin)
domain, which are connected by hydrophobic segments. B) The RTX domain of ACT interacts
with complement receptor 3 (CR3), which is expressed on host cell membranes from a wide
range of cell types. The hydrophobic segments of the linker region form pores in the membrane,
enabling the passage of cations and the adenylate cyclase domain is translocated into the
cytoplasm. These two activities are mediated by distinct conformations of ACT. Adenylate
cyclase activity is stimulated by binding to calmodulin in the host cell, leading to an increase in
cAMP production. The combined effects of ACT intoxication and pore formation result in
inhibition of complement-dependent phagocytosis, induction of anti-inflammatory cytokines,
suppression of pro-inflammatory cytokines and inhibition of immune cell recruitment. Reprinted
by permission from Macmillan Publishers Ltd: Nature Reviews Microbiology, Melvin, et al.,Vol.
12, Issue 4, pp. 274-288, ©2014.

macrophages [41], and inhibiting phagocytosis of B. pertussis by neutrophils in vitro
[42]. In vivo, ACT intoxication and pore formation results in increased production of
anti-inflammatory cytokines, suppression of pro-inflammatory cytokines, inhibition of
complement-dependent phagocytosis, and inhibition of cell recruitment [43].
Pertussis Toxin (PT) is a holotoxin containing one catalytic subunit and five
membrane-binding / transport subunits which are secreted by the Type 4 Secretion
System (T4SS) after being assembled in the periplasm [43]. PT enters host cells by
receptor-mediated endocytosis and ADP ribosylates a cysteine residue near the C
terminus of heterotrimeric G proteins resulting in dysregulation of the immune response.

10

In vitro, PT prevents migration of cells expressing G protein coupled chemokine
receptors including neutrophils, monocytes, and lymphocytes [44]. In vivo, PT decreases
recruitment of neutrophils to the lungs, decreases pro-inflammatory cytokine and
chemokine production, increases bacterial burden [45,46], and increases pathology in
airways [47]. While B. parapertussis and B. bronchiseptica maintain the PT locus, these
genes are transcriptionally silent due to missense mutations present in the promoter and
coding regions and thus only B. pertussis expresses this toxin during infection [48,49].
This toxin is the major protective antigen in all currently available vaccines, and recent
vaccine escape mutants with decreased toxin production recovered from countries with
high vaccine coverage suggests the need for improved vaccines [50].
Two other toxins present in Bordetella are Tracheal Cytotoxin (TCT) and
Dermonecratic Toxin (DNT). TCT is a disaccharide tetrapeptide monomer of
peptidoglycan produced by all gram-negative bacteria during cell wall remodeling; while
other species recycle this protein back into the cytoplasm, the Bordetellae species release
TCT into the environment [16]. TCT is the only known Bordetella virulence factor that
is independent of BvgAS control, and has been shown to disrupt cellular tight junctions
and extrusion of epithelial cells in vitro [51,52] and cause loss of ciliated cells in vivo via
increased nitric oxide production [53,54]. Cytopathology of TCT has been postulated to
be the cause of the characteristic cough in pertussis disease, but a lack of appropriate
animal models prevent this theory from being confirmed [43]. Another prominent
virulence factor, DNT, is highly conserved (with 99% sequence identity) [55] amongst
classical Bordetella species and is expressed in the Bvg+ phase. DNT is a typical A-B
toxin that is cytoplasmic and induces necrosis when injected intradermally and lethal
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when injected intravenously in mice [16,56]. Additionally, DNT appears to cause
turbinate atrophy and lung pathology in swine [57].

1.2.3. Secretion Systems
Secretion systems allow gram-negative bacteria to translocate effector proteins
across cytoplasmic and outer membranes into either the plasma membrane or cytoplasm
of eukaryotic and/or bacterial cells or into the surrounding environment [43]. These
complex systems require coordinated function of genes encoding the secretion apparatus,
translocators, effectors, and a secretion-system specific ATPase that provides power for
the system. Secreted proteins can include adhesins, toxins, hydrolytic enzymes, and
eukaryotic cell manipulating effectors. The Type Three Secretion System (T3SS) and
Type Six Secretion System (T6SS) both play a crucial role in pathogenesis of Bordetella
species.
The T3SS, powered by the bscN ATPase, is comprised of 22 genes including
those coding for the secretion apparatus, putative secreted proteins, and chaperones. The
B. bronchiseptica T3SS has been shown to play a role in cytotoxicity, promotion of
necrotic cell death, de-phosphorylation of host cell proteins, activation of mitogen
activated protein kinases (ERK1/2), and aberrant aggregation of NF-κB in the host cell
cytoplasm in vitro [8,58–60]. Additionally, the B. bronchiseptica T3SS promotes
tracheal persistence, apoptosis of cells recruited to the lungs during infection, modulation
of antibody production in vivo, and increased anti-inflammatory interleukin 10 (IL-10)
production in the lungs during infection [58,61]. Loss of the T3SS was shown to cause
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hyperlethality in SCID beige mice (missing B and T cells), suggesting that the T3SS is
important for modulation of the host immune response [58]. Despite high gene
conservation and evidence of successful transcription, the T3SS is post-transcriptionally
blocked in B. pertussis and B. parapertussis and does not contribute to cytotoxicity of
cells in vitro [62]. However, recent work has shown that clinical isolates do secrete
Bsp22 (the tip complex of the T3SS) in vitro and mutations in bscN lead to accelerated B.
pertussis clearance from lungs of infected mice, suggesting that B. pertussis expresses a
functional T3SS during infection [63].
The T6SS is the most recently discovered secretion system [64] and has been
identified in one quarter of all gram-negative bacteria. T6SSs contain between 13 to over
20 proteins, with approximately 13 core genes (TssA-TssM) [65] making up the secretion
apparatus (Figure 1.4). Like the T3SS, the T6SS uses an AAA+ ATPase (encoded by
clpV) to shuttle effectors across the cytoplasmic membrane either into eukaryotic cell cytoplasms
or into the surrounding media by forming a needle-like apparatus reminiscent of an inverted
bacteriophage tail. Upregulation of most T6SSs is dependent on contact with, or intracellular
growth inside, host cells during infection[64]. Studies using T6SS mutants have shown that this
secretion system mediates both anti-eukaryotic [66–68] and anti-bacterial effects [69–72]

and is important for adherence [73], cytotoxicity [66], host-cell invasion [74],
intracellular survival/replication [75,76], and colonization during infection [77–79]. B.
bronchiseptica and B. parapertussis, but not B. pertussis, have a putative T6SS locus, but
the presence of frameshift mutations and a pseudogene in the B. parapertussis locus
suggests that only that of B. bronchiseptica is functional [80]. Using an isogenic mutant
lacking the clpV ATPase, the T6SS of B. bronchiseptica has been reported to affect
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Figure 1-4: The B. bronchiseptica T6SS.
A) A model for type VI secrection system assembly and function. An inner membrane channel
formed by the IcmF-like and IcmH-like proteins interacts at the cytoplasmic side of the IM with a
complex composed of the probable cytosolic type VI secrection (T6S) subunits and the ClpV
AAA+ ATPase. Putative routes for substrate translocation are depicted through the cell envelope
and the host-cell membrane (blue arrow) including a ‘one-step' mechanism through a unique
channel, and a ‘two-step' mechanism, in which both steps are catalysed by T6S subunits with
transient accumulation in the periplasm (P). This hypothetical model shows a trimeric VgrG
inserted into the OM through the amino-terminal domain and puncturing the host cell through the
needle-like structure formed by the central domains, releasing the activity domain into the host
cytosol (for eukaryotic-like activities) or in the medium (for binding or adhesion activities). B)
The T6SS locus from B. bronchiseptica is compared to loci in P. aeruginosa, S. enterica, and V.
cholerae. Homologous genes are indicated with the same color, while genes with no homologues
are indicated with white color. The numbers in the arrows indicate the percentages of amino acid
sequence similarity compared to B. bronchiseptica. The length of arrows is relative to the length
of the gene. * Indicates the gene targeted for deletion in B. bronchiseptica and its homologues.
Reprinted from European Molecular Biology Organization: EMBO Reports, Cascales, Vol. 9,
Issue 8, pp. 735-741, ©2008 and Public Library of Science: PLoS ONE, Weyrich, et al., Vol. 7,
Issue 10, e45892, ©2012.

cytotoxicity and cytokine modulation in vitro and pathology, cytokine modulation, and
persistence in vivo [81].

14

1.2.4. Lipopolysaccharide
Lipopolysaccharides (LPS) are a major component of the outer membrane of
Gram-negative bacteria. Composed of a hydrophobic lipid A domain, an inner core, an
outer core, and an O antigen, these structures protect the membrane from chemical attack
and elicit a strong immune response during infection. Toll-like receptor (TLR)-4 binds
LPS and initiates an inflammatory response [82]. Many pathogens have evolved
different LPS serotypes to avoid or overcome the host response [83], and importantly
LPS aids in prevention of complement deposition or antibody binding during infection
[84,85]. While B. pertussis lacks the locus encoding the O-antigen [86], B.
bronchiseptica strains have multiple serotypes (01, 02, and poorly immunogenic O3)
[87,88]. B. parapertussis and B. bronchiseptica O2 have identical O-antigen encoding
loci, suggesting that this locus may have been horizontally transferred [87,89].

1.3. Immune Response to Bordetella Infection
As discussed in section 1.2, bacterial pathogens utilize a host of factors to
promote colonization during infection. The host, in turn, employs a complex immune
response to prevent or combat invasion (Figure 1.5). This system, broken down into
innate and adaptive components, will be discussed in the following sections.
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Figure 1-5: Kinetics of cell recruitment during a B. pertussis infection.
Kinetics of cell recruitment to the lungs and immune responses following infection with
Bordetella pertussis. Hypothetical curves representing relative numbers of immune cells recruited
to the lungs of mice following primary infection with B. pertussis. CD4T cells: recruitment of
CD4 T cells to the lungs and response of the lung T cells to B. pertussis antigens.
Immunoglobulin (Ig) G: anti-B. pertussis IgG in serum. IgA: anti-B. pertussis IgA in lungs. Bp
CFU: B. pertussis bacterial burden in the lungs. DC, dendritic cells; Mac, macrophage; NK,
natural killer. Reprinted by permission from Nature Publishing Group: Mucosal Immunology,
Higgs, et al., Vol. 5, Issue 5, pp. 485-500, 4.

1.3.1. Innate Immune Response
Innate immunity is comprised of proteins and phagocytic cells that are present
before the onset of infection and are rapidly activated and deployed upon recognition of
conserved features of pathogens [90]. Prior to immune activation, bacterial pathogens
first encounter respiratory epithelial surfaces that comprise an effective primary barrier to
infection [91]. These epithelial surfaces trap pathogens in a mucociliary escalator and
beating cilia on epithelial cells facilitate clearance [92,93]. Collectins, secreted by
epithelial cells, also function to neutralize and mark bacteria for phagocytosis [94].
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Antimicrobial peptides, called defensins, are present in the mucus layer and nonspecifically kill invading microbes [95]. Bordetella species employ several mechanisms
to resist antimicrobial peptide function, including using LPS to provide steric hindrance
and by modifying domains that are targeted by defensins and cationic peptides [96,97].
When invading pathogens breach the epithelial layer, PAMPs (pathogen
associated molecular patterns) on these bacteria are recognized by the host immune
system [98]. PAMPs, including for example flagella and LPS, are recognized by pattern
recognition receptors either in the blood (components of the complement system) or on
the surface of host cells (members of the Toll-like receptor family (TLRs) [99,100].
These receptors promote efficient phagocytosis of microorganisms, and otherwise can
enact direct bacterial killing (via complement) or promote downstream immune responses
(via TLRs). The complement system is comprised of 20 soluble proteins that function as
an amplifying proteolytic cascade upon recognition of PAMPs [99]. One peptide
fragment (C3b) causes enhanced phagocytosis, while others (C3a, C4a, and C5a) recruit
phagocytes to the site of infection. Finally, late components in the complement cascade
form a membrane attack complex (MAC) that lyses the targeted pathogen by forming a
pore in the bacterial membrane. B. parapertussis resists complement killing through the
expression of O-antigen [84], and all three classical Bordetella rely on a serum resistant
protein, BrkA, to inhibit complement [101]. TLRs, which are present on the surface of
macrophages, neutrophils, and epithelial cells, are crucial for initiation of inflammatory
and adaptive responses [98]. TLRs have extracellular domains containing leucine-rich
repeats and a cytoplasmic tail containing a conserved Toll-/IL-1 Receptor domain [102].
Stimulation of these receptors results in initiation of a signaling cascade leading to

17

activation of transcription factors including NF-κB and interferon-regulatory factors.
Upregulation of these factors ultimately results in promotion of cellular responses
including production of interferons and pro-inflammatory cytokines that then shape the
resultant adaptive immune responses [102]. While B. bronchiseptica infection of TLR-4
deficient mice causes lethality by 72 hours p.i., infections with B. pertussis and B.
parapertussis do not [100]. TLR-4 has therefore been shown to be critical for control of
B. bronchiseptica infection and not for B. pertussis or B. parapertussis infection, and this
difference appears to be caused by modifications to LPS structures of B. pertussis and B.
parapertussis which have made their endotoxins far less stimulatory than that of B.
bronchiseptica [100]. However, stimulation of TLR-4 on dendritic cells (DCs) has been
shown to promote cell maturation leading to secretion of IL-12 and IFN-γ, ultimately
leading to induction of Th1 cells [103,104].
Macrophages are Antigen-Presenting-Cells (APCs) that employ cell surface
receptors to recognize bacterial PAMPs and are able to phagocytize, or engulf, invading
pathogens [105]. With recognition and phagocytosis, macrophages become activated and
release cytokines (proteins important for cell signaling that affect behavior of other
immune cells) and chemokines (proteins that promote chemotaxis of other immune cells
to the site of infection) [106]. Bordetella can avoid direct and indirect macrophagemediated killing by modulating macrophage function [107], by surviving in macrophages
post-phagocytosis (as further discussed in section 1.4) [108–112], or by causing cell
cytotoxicity and apoptosis via functions of virulence factors including ACT, the T3SS, or
the T6SS [41,58,81]. During the initial stages of infection, neutrophils (PMN) are
recruited in high numbers and employ surface receptors for PAMPs and complement to
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efficiently destroy invaders [113]. PT is secreted by B. pertussis during infection to delay
neutrophil recruitment [46].
Dendritic cells (DCs) are specialized phagocytic cells present in host tissues that
sample for pathogens [114]. DCs use pattern recognition receptors, including TLR-4, to
recognize and bind PAMPs. Upon phagocytosis of the pathogen, DCs become activated
and intracellularly destroy the bacteria. Afterwards, DCs travel to peripheral lymphoid
organs and present bacterial peptides to immature antigen-specific lymphocytes (T cells
and B cells) to initiate the adaptive immune response (Discussed in 1.3.2). Some
pathogens, like M. tuberculosis, promote decreased cell surface expression of MHC
molecules or degrade factors required for antigen processing and presentation [115,116].
Activated DCs also secrete cytokines, including IL-12 and IFN-γ, that are crucial for
shaping the resultant innate and adaptive immune responses [114], and the Bordetella
have mechanisms to subvert the resultant host response. For example, the T3SS subverts
DC function to promote B. bronchiseptica persistence in the lower respiratory tract by
promoting production of an immunosuppressive immune response characterized by
upregulation of IL-10 and downregulation of IFN-γ [61]. Similarly, Bordetella virulence
factors ACT and FHA promote DCs to produce IL-10, which enables bacterial
persistence during infection [117].

1.3.2. Adaptive Immune Response
In contrast to the non-specific activation of the innate immune response, the
adaptive immune response is specific to the invading pathogen [118]. The components of
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the adaptive immune response, including lymphocytes and antibodies, are activated by
components of the innate immune response as discussed above (1.3.1). T cells and B
cells are the two major populations of lymphocytes that effectively clear infection and
ensure, via formation of a memory response, lifelong immunity to infectious agents.
T cells are formed in the thymus and can be split into T helper (TH), T cytotoxic
(TC), and T regulatory (Treg) cells [117,119]. T cells recognize antigen that is bound to
major histocompatibility complex (MHC) molecules. Naïve T cell binding to foreign
antigen presented on MHC complexes via the T cell receptor (TCR) and by CD4/CD8 coreceptors causes cell activation, proliferation and cytokine secretion [120,121]. The types
of cytokines produced then shape the resultant immune response. Activated TH cells
contribute to activation of B cells, TC cells, and other cells to more efficiently
phagocytose and kill invading pathogens. Meanwhile, TC cells function by recognizing
and killing altered or infected self-cells. TH cells can be broken down further into TH1,
TH2, and TH17 cell types, which differ based on their cytokine elicitation profiles. The
TH1 subset, characterized by secretion of IL-2, interferon gamma (IFN-γ), tumor necrosis
factor beta (TNF-β), and granulocyte macrophage stimulating factor (GM-CSF), is
responsible for intracellular bacterial elimination and cell-mediated functions including
activation of TC cells and production of opsonization-promoting antibodies [122]. The
TH2 subset, which secretes IL-4, IL-5, IL-10, and IL-13, is responsible for eliminating
extracellular pathogens and stimulates a humoral response by promoting B cell activation
and production of noncomplement-activating antibodies [122]. TH17 cells are important
for elimination of extracellular pathogens and are characterized by secretion of IL-17
[123]. More recently identified Treg cells, which are characterized by expression of IL-4,
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IL-10 and transforming growth factor beta (TGF-β), act to suppress and regulate the T
cell response during infection [124]. Pathogens have evolved mechanisms to evade T
cell-mediated immune responses, including antigenic variation or blocking T cell
signaling [125].
Natural infection with Bordetella species induces TH1 and TH17 responses, which
work together to clear bacteria from the lower respiratory tract [126]. T cells appear and
grow in number after the first two weeks of Bordetella infection, and their proliferation
can be modulated by ACT and the T3SS to enable bacterial persistence [107]. Bordetella
species also subvert the adaptive immune response via promotion of Treg-mediated IL-10
production in an FHA- and ACT- dependent manner [119]. While TH1 and TH17
responses are critical for control of Bordetella infection, current vaccines have been
shown to generate a mixed TH1/TH2 response to infection and may therefore need to be
re-formulated for increased efficacy [103].
B cells are formed in the bone marrow and employ membrane bound antibodies to
recognize and bind antigen [127]. Upon encounter with antigen that is specifically
recognized by the cell surface antibody, B cells (aided by T cells) rapidly divide into
effector (plasma) and memory B cells. Plasma cells secrete large amounts of antibodies,
which function as the main effectors of the humoral immune response. Antibodies
facilitate pathogenic clearance by binding to antigens and either cross-linking antigens to
form clusters that are more easily cleared by phagocytic cells, by activating the
complement system, and/or by coating and therefore neutralizing toxins [128].
Pathogens are able to avoid humoral immunity using several mechanisms, including
hiding intracellularly in phagocytic cells or altering early cell signaling cascades to
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prevent proper B cell activation. Passive immunization with antisera against B. pertussis
has been shown to reduce disease in infected humans, indicating that antibodies are
protective against Bordetella infection [103]. Additionally, antibodies have been shown
to play a significant role in vaccine-induced adaptive immunity to Bordetella [103].

1.4. Intracellular Survival of Bordetella
Macrophages, DCs, and neutrophils function by phagocytizing and digesting
ingested bacteria using an endocytic processing pathway [120]. This pathway involves
fusion of the host cell phagosome to a lysosome containing hydrolytic enzymes that help
to digest and kill the pathogen. Peptide products of the digested pathogen are then loaded
onto MHC receptors to form a complex that helps to activate B and T cells upon
presentation [120]. Employing a variety of mechanisms, pathogens have been identified
that are able to avoid host cell killing and can survive intracellularly. For example, F.
tularensis localizes in the phagolysosomal compartment and utilizes the acidic
environment to facilitate iron uptake and replication [129]. Alternatively, Salmonella
typhimurium and Mycobacteria tuberculosis inhibit phago-lysosomal fusion and survive
in an anti-microbial peptide free compartment of the phagocytic cell [130–132]. Hiding
intracellularly shields the bacteria from antibodies, complement, and other extra-cellular
host defenses and thus represents an effective survival strategy [23].
Classically, the bordetellae have been considered solely extracellular pathogens
[133]. More recently, researchers have documented a strong TH1 type T cell response
from spleen cells of convalescent mice characterized by high levels of IL-2, IFN-γ, and
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TNF-α and low levels of IL-4 [134,135]. Since this immune response is generally
associated with intracellular pathogen infection (as covered in section 1.3), an
intracellular stage for Bordetella infection has been suggested [136]. Additionally,
several in vivo studies have reported the recovery of intracellular B. bronchiseptica and
B. pertussis from immunodeficient HIV patients [137–139]. In vitro work has indicated
that the Bordetella may be able to infect and survive in epithelial cells, macrophages, and
DCs [108–112,140–143]. However, whether the bacteria utilize this intracellular survival
strategy during the infection process has remained untested.

1.5. Dictyostelium discoideum
Amoebae are protists that are bacterivores and are ubiquitous in nature. When
their food source is plentiful, amoebae persist as single celled trophozoites that reproduce
by binary fission [144]. However, in response to starvation, amoebae secrete cyclic
adenosine monophosphate (cAMP) which functions as a chemoattractant and enables
aggregation of amoebae cells into a multicellular body termed a ‘slug’ [144]. This slug,
comprised of tens of thousands of cells, migrates towards attractants including light,
temperature, and humidity [145]. Eventually, the slug differentiates into a fruiting body
with approximately 20% dead cells comprising a ‘stalk’ that support a spherical structure
containing 80% of amoebae cells that will turn into spores [146]. This spherical
structure, termed a ‘sorus’, can be moved by perturbations including wind, leaves, and
passing animals to a new location where carried amoeba spores are disseminated and can
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Figure 1-6: Dictyostelium discoideum lifecycle.
Developmental morphogenesis of D. discoideum, starting from single, vegetative amoebae
through to the formation of the mature fruiting body, which contains a sorus of spore cells on top
of a stalk that is composed of vacuolated stalk cells. One important transition occurs between
growth and aggregation, which is mediated by the chemotaxis of cells towards cyclic AMP to
form a multicellular aggregate. During this process, cells can be seen streaming towards a central
domain or aggregation centre. Aggregation results in the formation of a multicellular organism,
known as a mound, in which the precursors of the mature spore and stalk cells — prestalk and
prespore cells — differentiate and sort, forming a tipped aggregate or tipped mound. As
development proceeds, the tip extends and an anterior–posterior axis forms, which is maintained
through the slug and early culminant stages. Culmination, the formation of the fruiting body,
completes morphogenesis. During this stage, the precursor populations differentiate, producing a
sorus on top of a stalk. The entire process from starvation of vegetative cells to the formation of a
mature fruiting body takes 24 hours. Reprinted by permission from Nature Publishing Group:
Nature Reviews Molecular Cell Biology, Chisholm, et al., Vol. 5, pp. 531-541, ©2004.
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continue their single-cell trophozoite life-cycle (Figure 1.6). One species of social
amoeba, Dictyostelium discoideum, has been most studied due to its structural and
functional similarity to macrophages, complete genome sequence availability, and
genentic tractability [147–149].
While most bacterial species have been classified as merely “food” for their
bacterial predators, several species have been identified that can pathogenically or
symbiotically survive amoeba predation [150]. For example, Salmonella typhimurium
has been shown to pathogenically block amoeba formation of fruiting bodies and kills
amoeba cells in culture [151]. Other important human pathogens including Pseudomonas
aeruginosa, Mycobacterium spp., and Legionella pneumophila have been shown to
survive amoeba predation and are able to survive intracellularly in amoeba cells [152–
154]. Interestingly, these ‘amoeba resistant pathogens’ (ARBs) block amoeba
aggregation and formation of fruiting bodies [67,77,155,156], so are therefore only
classified as resistant organisms due to their ability to survive trophozoite predation in
cell culture. Brock et al. recently identified D. discoideum “farming”, where some
amoeba strains can carry “food” bacteria in the sorus during spore dispersal and are
therefore at an advantage if food is not plentiful in the new location [157]. Besides
highlighting amoeba husbandry techniques, this paper sheds light on the ability of
bacteria to be recovered from amoeba sori. The same authors then identified a situation
in which “non-food” bacteria, which cannot be consumed by amoebae, are carried in sori
as endosymbionts; though these bacterial species cannot be eaten, authors showed that
they protect “farmers” by secreting molecules that lower spore production of “nonfarming” amoeba species [158]. In one other study, this group identifies a Pseudomonas
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fluorescens strain that functions symbiotically with amoeba while being carried in sori by
producing small diffusible molecules that help the amoeba by killing fungal agents and
by potently enhancing spore production while depressing “non farmer” spore production
[146]. While Dictyostelium discoideum has been used as a model to study cell signaling,
aggregation, cell development, cytokinesis, apoptosis, and altruism for over a century,
bacterial pathogen-amoebic interactions are only beginning to be understood. Further
work in this field will be crucial for understanding bacterial/host evolution, pathogenesis,
adaptation, and mechanisms of environmental survival.

1.6. Use of the Mouse Model
Guinea pigs, rabbits, pigs, rats, and mice have all been used as animal models for
the study of Bordetella pathogenesis. A non-human primate Bordetella infection model
has recently been established that shares characteristics with human infections, but the
cost of using a primate model and the lack of immunodeficient animals available ensures
that other models will continue to be relied upon for these studies [159,160].
The usefulness of the mouse model lies in the fact that the mouse immune system
shares many commonalities with the human immune system, and the murine response to
Bordetella infection has therefore been investigated to understand the mechanisms of
human immune control during infection [161].

Besides similarities in the immune

systems of humans and mice, the mouse’s short life cycle, genetic tractability, ease of
rearing in big populations, and small adult size make this mammal a viable host model
for the study of Bordetella infection. Additionally, the fact that B. bronchiseptica
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naturally infects mice and shares high similarity with B. pertussis and B. parapertussis
enables comparisons to be made between B. bronchiseptica infection of mice and B.
pertussis and B. parapertussis infection of humans [162]. Studies using intranasal and
aerosol inoculation of mice have shed light on Bordetella virulence factor function during
infection and, on the host side, have helped researchers to determine when and which
innate and adaptive immune components are elicited in response to the infection.

1.7. Preface
Chapter 2 characterizes the ability of B. bronchiseptica to survive intracellularly
in vitro and in vivo and identifies the important roles of the T6SS and adaptive immune
components in limiting intracellular survival and systemic spread of this pathogen. The
data show that, despite the importance of the T6SS for B. bronchiseptica infection, 29%
of 58 recently sequenced human-associated B. bronchiseptica strains have lost their
T6SS. Since most human B. bronchiseptica infections occur in immunocompromised
patients, we determined whether loss of the T6SS could benefit B. bronchiseptica during
infections of immunodeficient mice. Host lethality, systemic spread, and intracellular
survival of B. bronchiseptica was shown to be dependent on both loss of the T6SS and
absence of adaptive immune components. These data suggest that loss of the T6SS may
be linked to B. bronchiseptica survival in the human population, and may contribute to
infection of immunocompromised patients.
In chapter 3, D. discoideum is identified as a potential environmental reservoir for
B. bronchiseptica. Moreover, the Bvg- phase is shown to be important for survival in
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sori. After passaging B. bronchiseptica-filled amoeba spores onto non-pathogenic “food”
bacteria, we were able to recover B. bronchiseptica from newly formed sori suggesting
that B. bronchiseptica forms a stable association with amoeba trophozoites and can
persist long-term in this environmental reservoir. We show that B. bronchiseptica is
harmful to amoeba spores in sori over time, indicating that this is the first instance where
bacteria have evolved an ability to survive in sori and yet reduce spore numbers of their
eukaryotic amoeba host. Using flies as a transmission vector, we determined that B.
bronchiseptica in amoeba sori can be moved to a new location via an intermediary. Mice
were successfully infected by B. bronchiseptica recovered from sori of amoeba, and thus
amoeba may act both as an environmental reservoir and transmission vector for the
Bordetella.
Interactions of B. bronchiseptica with amoeba are further explored in chapter 4,
and more specifically the ability of B. bronchiseptica to inhibit amoeba expansion on a
plate after initial plaque growth is investigated. These data show that ACT is important
for inhibition of amoeba plaque expansion, suggesting that this Bvg+ phase gene may be
expressed in Bvg- conditions (growth at room temperature) when amoebae are present.
B. bronchiseptica does not inhibit amoeba plaque expansion in the presence of other
bacteria, suggesting that amoebae can circumvent the B. bronchiseptica mechanism of
inhibition when other bacterial species are present. Importantly, B. bronchiseptica can
still be recovered from sori of amoeba grown on mixed bacterial lawns, indicating that B.
bronchiseptica has a selective advantage in the presence of other bacterial “food” species
during amoeba predation due to its evolved ability to survive in sori.
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In the final chapter, the summary and significance of the above findings are
discussed. Additionally, potential future directions stemming from this work are
reviewed.
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Chapter 2

Type Six Secretion System of Bordetella bronchiseptica and Adaptive Immune
Components Limit Intracellular Survival During Infection.
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2.1. Abstract
The Type Six Secretion System (T6SS) is required for Bordetella bronchiseptica
cytotoxicity, cytokine modulation, infection, and persistence. However, one-third of
recently sequenced Bordetella bronchiseptica strains of the predominantly humanassociated Complex IV have lost their T6SS through gene deletion or degradation. Since
most human B. bronchiseptica infections occur in immunocompromised patients, we
determine here whether loss of Type Six Secretion affects B. bronchiseptica infection of
immunocompromised mice. Infection of mice lacking adaptive immunity (Rag1-/- mice)
with a T6SS-deficient mutant results in a hypervirulent phenotype that is characterized by
high numbers of intracellular bacteria in systemic organs. In contrast, wild-type B.
bronchiseptica kill host cells via a T6SS-dependent mechanism and do not survive in
systemic organs. High numbers of intracellular bacteria recovered from immunodeficient
mice, but only low numbers from wild-type mice, demonstrates that B. bronchiseptica
survival in an intracellular niche is limited by B and T cell responses. Understanding the
nature of intracellular survival during infection, and its effects on the generation and
function of the host immune response, are important to contain and control the spread of
Bordetella-caused disease.
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2.2. Introduction
The ability of bacteria to persist inside host cells shields them from antibodies,
complement, and other-extracellular host defenses and thus represents an effective
strategy for survival during infection. Many bacteria, including Mycobacterium
tuberculosis, Salmonella enterica and Francisella tularensis, employ a variety of
different intracellular survival mechanisms to achieve long-term persistence [1–3]. Until
recently, Bordetella species were generally considered exclusively extracellular
respiratory pathogens [4], but in vitro studies suggest that the Bordetella may be able to
survive intracellularly [5–12]. However, whether the bacteria utilize this intracellular
survival strategy during the infection process remains unclear.
The three Classical Bordetella, Bordetella bronchiseptica, B. pertussis, and B.
parapertussis, cause a variety of respiratory diseases ranging from asymptomatic
infection to fatal pneumonia [13]. B. pertussis and B. parapertussis are the etiological
agents of whooping cough in humans and are believed to have diverged independently
from a B. bronchiseptica-like ancestor [14]. B. bronchiseptica infects a wide range of
mammalian hosts including mice, providing a natural-host infection model that can allow
molecular manipulation of both pathogen and host. B. bronchiseptica infection induces a
significant Th1-type T-lymphocyte cytokine response that is characterized by high levels
of IL-2, IFN-γ, and TNF-α, but low levels of IL-5 and no IL-4 [15,16] and is generally
associated with an immune response to intracellular pathogens [17,18]. Furthermore, the
bordetellae were shown to be able to survive intracellularly in vitro in epithelial cells,
dendritic cells (DCs) and macrophages [6–8]. There have been reports of the recovery of
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B. pertussis and B. bronchiseptica from bronchiolar lavage of mice, murine nasal cavity
dendritic cells, and alveolar macrophages from HIV-infected patients [19–21], suggesting
that intracellular survival is a potential mechanism employed by B. bronchiseptica during
infection. However, the relevance of these observations to natural infection is unclear.
Defining the role of intracellular survival in Bordetella disease has important
implications for the development of vaccines and therapeutics.
The Type Six Secretion System (T6SS), which is widely distributed amongst
Gram-negative bacteria [22], has been shown to be involved in intracellular survival of
several species [23]. Further, up-regulation of most T6SS genes is dependent on contact
with or intracellular growth inside the host cell [24]. In fact, many bacteria persist during
infection by utilizing their T6SSs for intracellular survival and replication, including S.
enterica [25], F. tularensis [26], Aeromonas hydrophila [27], and Yersinia
pseudotuberculosis [28]. The T6SS in B. bronchiseptica has been reported to have a
function in persistence and immunomodulation during infection [29], but its contribution
to intracellular survival has yet to be characterized.
Despite the important role of the T6SS during B. bronchiseptica infection, our
recent genome sequencing revealed that a subset of recent B. bronchiseptica isolates from
the predominantly human-associated Complex IV are missing the T6SS. Since most B.
bronchiseptica human infections occur in immunocompromised individuals [30–35], we
aimed to determine whether loss of the T6SS might be beneficial for B. bronchiseptica
during infection of immunocompromised hosts. Here we compare the wild-type B.
bronchiseptica strain RB50 with RB50∆clpV, an isogenic B. bronchiseptica mutant with
an in-frame deletion in the clpV ATPase of the T6SS, during infection of mice lacking
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adaptive immunity (B and T cells). We show that loss of T6SS function results in a
hypervirulent phenotype characterized by early lethality in immunodeficient mice due to
high numbers of predominantly intracellular bacteria in systemic organs. In contrast,
wild-type B. bronchiseptica kill their cellular hosts via a T6SS-dependent mechanism and
are therefore not recovered from systemic organs. A more careful examination revealed
an intracellular stage in the lungs of both wild-type and immunodeficient mice,
demonstrating that B. bronchiseptica can occupy an intracellular niche during natural
host infection. These results reveal the ability of B. bronchiseptica to survive
intracellularly and demonstrate that both the T6SS and adaptive immune components
contain bacteria within the respiratory tract and limit B. bronchiseptica intracellular
survival during infection.

2.3. Materials and Methods
Analysis of clinical strains. The T6SS locus in the genomes of 58 B. bronchiseptica
strains isolated from humans (17 strains), a variety of different mammals (31 strains),
turkeys (9 strains) and from an unidentified host [1] were analyzed [36–39]. All genomes
were compared against the genome of strain RB50, and the presence of the T6SS locus
(BB0793-BB0818) [29] in the individual genomes as well as the presence of pseudogenes
was assessed visually using the Artemis Comparison Tool (ACT) [40].
Bacterial Strains and growth. Bordetella bronchiseptica strain RB50 and its isogenic
mutant RB50∆clpV have been previously described [29,41]. RB50 and RB50∆clpV were
grown and maintained on Bordet-Gengou (BG, Difco) agar supplemented with 10%
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defibrinated sheep’s blood (Hema Resources) and 20 μg/ml streptomycin (Sigma). For
infections, bacteria were grown overnight at 37oC to mid-log phase in Stainer Scholte
liquid broth (SS).
Mouse Experiments. Four- to six- week old C57Bl/6 and Rag1-/- mice were ordered
from Jackson laboratories (Bar Harbour, ME) and were bred in a pathogen-free facility at
the Pennsylvania State Laboratory (University Park, PA). All experiments were
conducted following institutional guidelines, and all animal experiments were carried out
as previously described [29,42,43]. Briefly, the number of bacterial colony units in liquid
SS culture was determined by the optical density measured by absorbance of light at 600
nm. The bacteria were diluted to 1x107 CFU/mL in phosphate buffered saline (PBS), and
inocula were confirmed by plating dilutions on BG agar and counting resultant colonies
after incubation for two days at 37oC. For inoculation, mice were lightly sedated with 5%
isofluorane (IsoFlo, Abbott Laboratories) and were inoculated with 5x105 CFU bacteria
by gently pipetting 50 μL of the inoculum onto their external nares. To quantify bacterial
numbers in respiratory tract and systemic organs, mice were euthanized via CO2
inhalation, and the indicated organs were excised. Tissues were homogenized in one mL
PBS, serially diluted and plated on BG agar containing 20 μg/mL streptomycin, and
colonies were counted after incubation at 37oC for two days. Mice with lethal
bordetellosis indicated by ruffled fur, hunched stature, and limited responsiveness were
euthanized to prevent unnecessary suffering. For survival curves, Rag1-/- mice were
lightly sedated with 5% isofluorane and inoculated with 5x105 CFU RB50 or
RB50∆clpV. Mice were monitored over the course of the experiment and any mice that
were hunched over, had labored breathing, or displayed unresponsiveness or lack of
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motility were removed from the experiment and euthanized to prevent unnecessary
suffering.
Cytokine ELISA. Cytokine analysis was conducted as previously described [44].
Briefly, mice were inoculated with 5x105 CFU RB50 or RB50∆clpV and spleens and
lungs were collected and homogenized on day 21 for cytokine analysis. Interleukin 1β
(IL-1β), Interleukin 6 (IL-6), Interleukin 10 (IL-10), Interleukin 17 (IL-17), Tumor
Necrosis Factor α (TNF-α), and Interferon Gamma (IFN-γ) concentrations were
determined via ELISA according to manufacturer’s instructions (R&D Systems).
Pathology. Twenty-one days following inoculation with RB50 or RB50∆clpV, mice
were euthanized and the lungs were inflated with 1.5 ml 10% formalin in PBS. Spleens
were excised and placed in 10% formalin in PBS. Tissues were processed and stained
with hematoxylin and eosin (H&E) at the Animal Diagnostic Laboratory at the
Pennsylvania State University in University Park, PA. Tissue sections were analyzed and
scored on a qualitative scale as previously described [29] by one of the authors (M.J.
Kennett) who is experienced in rodent pathology and was blinded to the experimental
treatments. Descriptive evaluations of lesions were recorded, and lung and spleen lesions
were graded on a scale ranging from 0 to 5: A score of 0 was given for sections with no
lesions and no inflammation; 1 for sections with few lesions (less than 10% tissue
affected) and slight inflammation; 2 indicated mild lesions (11-20% tissue affected); 3
was given for moderate lesions (21-30% of the lung/spleen tissue affected); 4 had
extensive lesions with marked inflammation (31-50% tissue affected); and a score of 5
was given for samples exhibiting extensive lesions with high inflammation (>51% lung /
spleen tissue affected).

49

Intracellular Survival Assay.. Murine RAW 264.7 macrophages obtained from ATCC
(ATCC TIB-71) were grown in Dulbecco’s modified Eagles medium (DMEM, Difco)
supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, 1% nonessential
amino acids, and 1% sodium pyruvate. Cells were grown to 80% confluency in 5% CO2
in 96-well tissue culture treated plates (Greiner Bio-One) at 37oC. Cells were primed for
two hours with 1000 U/mL recombinant IFNγ in DMEM in 5% CO2 at 37oC, and then
bacterial suspensions of RB50 or RB50∆clpV were added to wells at a multiplicity of
infection (MOI) of 100. Plates were centrifuged at 5000 RPM for 5 min at room
temperature (RT) and were incubated at 37oC. After 1 hour, 100 μL of 0.1% triton X
solution (Sigma) in PBS was administered to a subset of wells, followed by a 5 minute
incubation at RT and vigorous pipetting to lyse open cells. 10 μL dilutions were serially
diluted and plated on BG to quantify total bacteria (intracellular and extracellular) present
after 1 hour. At one hour, supernatant was removed from remaining wells and replaced
with 100 μL of 100 μg/mL gentamicin solution (Sigma-Aldrich) in DMEM to remaining
sample wells. Plates were incubated in 5% CO2 at 37oC, and then at 1, 24, and 48 hours
post-gentamicin addition, appropriate wells were washed 3x with DMEM and treated
with 100 μL 0.1% triton X as described above for enumeration of intracellular bacteria.
At 24 hours, the supernatants were replaced with 10 μg/mL gentamicin solution in
DMEM to prevent uptake of gentamicin into intracellular compartment of RAW264.7
cells.
Modified Intracellular Survival Assay. A modified intracellular survival assay
conducted on homogenates has been previously described [19]. Briefly, C57Bl/6 and
Rag1-/- mice were inoculated with 5x105 CFU RB50 or RB50∆clpV and euthanized on
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day 21 post-inoculation (p.i.). Nasal cavities, lungs, spleens and livers were excised and
homogenized in one mL PBS. 100 μL of the homogenate was removed and was serially
diluted and plated on BG agar for quantification of total bacteria. Gentamicin (100
μg/mL) was added to remaining homogenates and samples were incubated for 1 hour at
37oC. After three washes to remove the antibiotic, remaining bacteria were resuspended
in 0.1% triton X, serially diluted, and plated on BG supplemented with 20 μg/ml
streptomycin for intracellular bacterial enumeration. As a control to test for gentamicin
effectiveness in each organ, spleens, livers, lungs, and nasal cavities excised from naïve
Rag1-/- mice were homogenized and 107 CFU RB50 or RB50∆clpV were added to each
organ. Gentamicin was shown to be 99.999% effective at killing extracellular bacteria
introduced to lungs, nasal cavity, and spleen tissues, and 99% effective at killing
extracellular bacteria in the liver (data not shown). Samples were incubated at 37oC for
one hour, followed by washes to remove antibiotic, and the remaining viable bacteria
were enumerated via serial dilution and plating on BG agar.
Cytotoxicity Assay. Murine RAW 264.7 macrophages from ATCC were grown in
DMEM supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, 1%
nonessential amino acids, and 1% sodium pyruvate. Cells were grown to 80%
confluency in 5% CO2 in 96-well tissue culture treated plates (Greiner Bio-One) at 37oC.
DMEM was then replaced with RPMI medium lacking phenol red with 5% fetal bovine
serum, 1% L-glutamine, 1% nonessential amino acids, and 1% sodium pyruvate two
hours prior to start of the assay. RB50 or RB50∆clpV were added to plates at an MOI of
100 and the plates were centrifuged at 5000 RPM for 5 min at RT and were incubated in
5% CO2 at 37oC. One hour later, the supernatant was replaced with 100 μg/mL
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gentamicin in RPMI lacking phenol red to kill extracellular bacteria and the plates were
incubated once again in 5% CO2 at 37oC. After one hour or 24 hours, supernatants were
collected from wells and lactate dehydrogenase (LDH) release was measured to quantify
levels of cytotoxicity using a Cytotox96 kit (Promega) according to the manufacturer’s
instructions.
IV Injections. RB50 or RB50∆clpV grown in SS to mid-log phase were re-suspended in
PBS and 200 μL of 5x105 CFU/mL were intravenously injected into the tail veins of
mice. Mice were dissected 1 and 7 days post-injection and lungs, livers, spleens, and
kidneys were homogenized in one mL PBS, serially diluted and plated on BG agar
containing 20 μg/mL streptomycin, and colonies were counted after incubation at 37oC
for two days. Blood was collected via retro-orbital bleed, spun down at 5000 RPM for 5
min, and serum was then serially diluted, plated, and incubated at 37oC for two days.
Trypan Blue Exclusion Assay. RAW267.4 macrophage cells were grown in 96 well
plates and infected with RB50 or RB50∆clpV at an MOI of 100 and incubated at 37oC.
Supernatants were replaced with 100 μL 100 μg/mL gentamicin solution after one hour,
and one and twenty-four hours post-addition of gentamicin a subset of RAW264.7 cells
were mixed 1:1 with trypan blue dye (Life Technologies). Total numbers of live and
dead cells were counted for each timepoint.
Statistical Analysis. The mean +/- standard error (error bars in figures) was determined
for all appropriate data. Two tailed, unpaired student’s t tests were used to determine
statistical significance between two normally distributed populations. When more than
two groups were analyzed, one- and two-way analysis of variance (ANOVA) tests were
used. Survival curves were generated with the Kaplan-Meier method, and Log-Rank test
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was used to compute significance. Graphpad Prism version 6.04 was used to conduct
these statistical tests and to generate figures.
Ethics Statement. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Institutional Animal Care
and Use Committee at The Pennsylvania State University at University Park, PA (#46284
Bordetella-Host Interactions). All animals were anesthetized using isoflourane or
euthanized using carbon dioxide inhalation to minimize animal suffering.

2.4. Results
29% of Complex IV B. bronchiseptica isolates have lost their Type Six Secretion
System.
The T6SS is a crucial virulence factor for B. bronchiseptica that has been shown
to increase pathology and cytotoxicity, affect cytokine induction, and aid in bacterial
persistence during infection of wild-type mice [29]. However, an analysis of 58 recently
sequenced B. bronchiseptica isolates revealed that 7 of the total isolates (12%) have lost
their entire T6SS locus. In addition, 3 isolates (5%) contain pseudogenes (referred to in
this paper as T6SS-degenerate) in their T6SS locus, implying that their T6SS may be
non-functional. 6 of the 7 T6SS-deficient strains isolated and one T6SS-degenerate strain
are from Complex IV, which is comprised mainly of human-isolated B. bronchiseptica
strains [14]. Thus, 29% of Complex IV strains are T6SS-deficient and 5% are T6SSdegenerated (Fig. 1A). In contrast, only 3% of Complex I B. bronchiseptica strains
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analyzed (1/37) are T6SS-deficient and 5% (2/37) are T6SS-degenerated (Fig. 1B).
These data suggest that loss of the T6SS may be linked to B. bronchiseptica survival in
the human population, and may contribute to infection of immunocompromised patients.

A.

Complex I
3%

B.

5%

Complex IV
5%

29%

T6SS Intact
T6SS Deficient
T6SS Degenerated

Figure 2-1: Clinical B. bronchiseptica strains that have lost their T6SS locus are aggregated in
Complex IV.
Genomes of 58 B. bronchiseptica clinical isolates were compared to prototypical RB50 genome.
Presence of T6SS loci, as well as presence of pseudogenes in T6SS loci, was determined for all
clinical isolates. Clinical strains containing an intact T6SS (blue), strains lacking a T6SS locus
(red), and strains containing a pseudogene in the T6SS locus (pink) were divided based on
whether they come from Complex I (A) or Complex IV (B).

Deleting the clpV component of T6SS results in hypervirulence in immunodeficient
mice.
Since most B. bronchiseptica human infections occur in immunocompromised
patients [30–35,45,46], we hypothesized that T6SS-deficient B. bronchiseptica may be
able to infect and persist in immunodeficient mice. To test this, mice lacking T cells, B
cells, and antibodies (Rag1-/- mice) were inoculated with RB50 or RB50∆clpV, an
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isogenic mutant lacking the clpV ATPase gene of the T6SS [29]. While most Rag1-/mice infected with RB50 survived beyond day 60, those infected with RB50∆clpV
succumbed to lethal bordetellosis by day 24 p.i. (p<0.05)(Fig. 2A). Quantification of
RB50 and RB50∆clpV in respiratory tract organs of Rag1-/- mice on day 21 (prior to death
with RB50∆clpV infection) revealed similar numbers of Bordetella (data not shown)

Figure 2-2: The T6SS modulates virulence and bacterial dissemination.
-/-

(A) Groups of Rag1 mice (n=8) were inoculated with 5x105 CFU of RB50 (blue) or RB50∆clpV
(red) and were monitored for survival. (B) Groups of Rag1-/- mice (n=4 per group) were
inoculated with 5x105 CFU of RB50 (blue) versus RB50∆clpV (red) and dissected on day 21 p.i.
for bacterial enumeration in respiratory tract and systemic organs. The experiment was
performed three times with similar results and a representative data set is shown. (C) Rag-/- mice
were inoculated with 5x105 CFU RB50 (blue) versus RB50∆clpV (red) and bacteria were
enumerated from the spleen, liver, and kidney on days 3, 7, 21, and 35. With the exception of
RB50∆clpV on day 21 (n=1), three mice were sacrificed per group per timepoint. * denotes p
value <0.05. Grey dotted line indicates the limit of detection.
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indicating that the hypervirulence of the ∆clpV strain is not caused by increased bacterial
load in the respiratory tract. We therefore hypothesized that early host death caused by
RB50∆clpV may result from systemic bacterial infection. Rag1-/- mice inoculated with
either RB50 or RB50∆clpV were thus assessed for bacterial numbers in the respiratory
tract (nasal cavity, trachea, and lungs) or systemic organs (liver and spleen) 21 days postinfection. While similar numbers of RB50 and RB50∆clpV were recovered from
respiratory tract organs, only RB50∆clpV was recovered from systemic organs (Fig. 2B).
These data indicate that a functional T6SS prevents B. bronchiseptica from colonizing
systemic organs of Rag1-/- mice. In order to determine how rapidly RB50∆clpV reaches
systemic organs, we enumerated bacteria on days 3, 7, and 21. RB50∆clpV was
recovered from the liver and spleen of Rag1-/- mice as early as day 3 p.i., and from the
kidneys by day 7. RB50∆clpV numbers then increased in all three organs by day 21 (Fig.
2C). In contrast, RB50 was only recovered from systemic organs on day 3, but was then
completely absent or present in only small numbers on subsequent days (Fig. 2C). A
D445 Liver Colonization

Log(10) CFU

6

4

2

5
44
D

R

B

50

R

Δ
cl

B

50

pV

0

Figure 2-S1: D445, a B. bronchiseptica isolate naturally missing the Type Six Secretion System,
is able to colonize the liver of Rag1-/- mice.
RB50 (blue), RB50∆clpV (red), and D445 (green) recovery from livers of Rag1-/- mice on day 7
p.i. The grey line indicates limit of detection.
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human B. bronchiseptica isolate naturally missing a T6SS locus (D445) [36] was also
recovered systemically from Rag1-/- mice by day 3 p.i. and increased in number on
subsequent days (Fig. S1 and data not shown). Importantly, both RB50 and RB50∆clpV
were recovered from systemic organs of immune-competent mice (wild-type C57Bl/6) on
day 3 p.i., but only RB50∆clpV was recovered from systemic organs by day 7 p.i.,
Day 3
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Figure 2-S2: Deletion of clpV increases systemic persistence in both immunodeficient and wildtype mice.
RB50 (blue) and RB50∆clpV (red) recovery from livers and spleens of Rag1-/- and wild-type
C57Bl/6 mice on days 3 (A) and 7 (B) p.i. * denotes p< 0.05.
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suggesting that the T6SS limits B. bronchiseptica persistence in systemic organs
irrespective of host immune status (Fig. S2). Thus, a functional T6SS limits B.
bronchiseptica survival and/or growth in systemic organs of immunodeficient and wildtype mice during infection.
RB50∆clpV systemic infection is not the result of inflammatory response.
We hypothesized that immunodeficient mice were dying from an overwhelming
inflammatory response with infection of the mutant. To test this, we performed

Figure 2-3: clpV lowers inflammation and pathology in vivo.
(A) Groups of four Rag1-/- mice were inoculated with 5x105 CFU of RB50 (blue) or
RB50∆clpV (red) and a histopathological analysis was conducted on the lung and liver of
infected mice on day 21 p.i. for scoring of inflammation. (B) Representative H&E lung
and liver sections from Rag1-/- mice on day 21 p.i. after inoculation with 5x105 CFU of
RB50 (blue) or RB50∆clpV (red) with average pathology scores in parentheses. (C)
Groups of Rag1-/- mice were inoculated with 5x105 CFU RB50 (blue) and RB50∆clpV (red)
and elicited IL-1β levels were determined from the lung and spleen on day 21 p.i. This
experiment was performed twice with similar results and a representative dataset is shown.
ND signifies not detected. * denotes p value <0.05.
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histological examination of livers and lungs of infected mice. Rag1-/- mice infected with
RB50∆clpV exhibited higher levels of inflammation in the liver than those infected with
RB50 (p<0.05)(Fig. 3A). Despite similar levels of colonization in the lungs at this
timepoint (Fig. 1B), infection with RB50∆clpV resulted in a trend toward higher
inflammatory cell infiltration and necrosis in the lungs than infection with RB50 (Fig. 3A
and data not shown). Also, while RB50 caused no significant lesions in the liver,
RB50∆clpV caused high hepatic inflammation with primarily perivascular mixed
inflammatory infiltrates by day 21 (Fig. 3C). To determine whether the T6SS modulates
local and systemic cytokine production, cytokine levels were measured in the lungs and
spleens of Rag1-/- mice inoculated with RB50 or RB50∆clpV. Wild-type RB50 induced
lower levels of IL-1β than RB50∆clpV in the lungs and spleens of Rag1-/- mice by day 21,
indicating that the T6SS suppresses IL-1β production during infection (p<0.05)(Fig. 3B).
Together, these data suggest that the B. bronchiseptica T6SS modulates innate immunity
by lowering pathology, cell recruitment, and IL-1β production both locally and
systemically in Rag1-/- mice.
We hypothesized that spread and subsequent survival of RB50∆clpV in systemic
organs could be due to the different immune response induced by the mutant, much like
S. aureus lipoprotein mutants generate a variant host response culminating in
dissemination and lethal infection [47]. If this were the case, then co-inoculation with
RB50 would provide T6SS-mediated immune modulation that would affect the fate of
RB50∆clpV. Alternatively, if systemic survival is intrinsic to the bacteria harboring the
mutation and not mediated by indirect effects on the host, then the T6SS-dependent
immune response generated by co-infection would not alter RB50∆clpV systemic
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infection. To distinguish between these possibilities, Rag1-/- mice were inoculated with
RB50 alone, RB50∆clpV alone, or co-inoculated with RB50 and RB50∆clpV. Similar
numbers of RB50 and RB50∆clpV were recovered from respiratory tract organs (lungs
and nasal cavities) of Rag1-/- mice by day 21 p.i., regardless of whether they were
inoculated separately or co-inoculated (Fig. 4A). However, only RB50∆clpV was
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-/-

Groups of Rag1 mice were either infected singly with RB50 (blue circles, n=3) or RB50∆clpV
(red circles, n=4) or co-infected with RB50 and RB50∆clpV (red squares and blue squares, n=4),
and (A) respiratory tract bacterial numbers or (B) systemic organ bacterial numbers were
enumerated on day 21 post-inoculation. This experiment was performed twice with similar
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limit of detection.
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recovered from systemic organs (p<0.05), and the numbers of RB50∆clpV recovered
from co-inoculated mice were similar to RB50∆clpV inoculated alone (Fig. 4B).
Therefore, a functional T6SS provided by RB50 in the co-inoculation did not hinder the
ability of RB50∆clpV to reach and remain in systemic organs by day 21 p.i., and
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RB50 (blue) and RB50∆clpV (red) recovery from lungs, livers, spleens, and kidneys of Rag1-/mice that had been intravenously injected and dissected on days 1 (A) and 7 (B) p.i. ND - Not
Detected. The grey line indicates limit of detection.
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conversely the altered immune response with RB50∆clpV infection still did not enable
systemic survival of RB50 in the co-infected mice (Fig. 4B). Loss of clpV only affects
the bacteria with the mutation, suggesting that the T6SS affects direct interactions
between bacteria and immune cells recruited to the site of infection. Additionally,
numbers of RB50 and RB50∆clpV were efficiently lowered in systemic organs when
injected directly into the bloodstream (Fig. S3), again suggesting that the intracellular
niche may be utilized to protect B. bronchiseptica and enable trafficking to systemic
organs.
Deletion of clpV increases B. bronchiseptica intracellular survival in vitro.
Based on the results above, we hypothesized that B. bronchiseptica manipulates
Antigen Presenting Cells (APCs) to house and traffic bacteria to systemic organs during
infection, and that long-term survival in those immune cells is achieved through the loss
of the T6SS. To determine whether loss of the T6SS affects intracellular survival, a
gentamicin protection assay was performed to estimate intracellular survival of RB50 and
RB50∆clpV in RAW264.7 macrophages [48). After a 1 hour treatment with gentamicin,
similar numbers of RB50 and RB50∆clpV were recovered from RAW264.7 macrophages
(Fig. 5A) suggesting that phagocytosis and early intracellular survival of B.
bronchiseptica is T6SS-independent. However, after 24 hours intracellular
RB50∆clpV numbers (~1x105 CFU/mL) were approximately 1,000-fold higher than those
of RB50 (~1x102 CFU/mL) (p<0.05) and remained over 1,000-fold higher at 48 hours
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Figure 2-5: Deletion of clpV increases intracellular survival in vitro.
(A) RAW264.7 macrophages were infected with RB50 (blue, n=4) or RB50∆clpV (red,
n=4) at an MOI of 100 and bacterial invasion and intracellular survival was determined at
1, 24, and 48 hour after addition of gentamicin. The experiment was conducted five times
with similar results and a representative dataset is shown. (B) The cytotoxicity of
RAW264.7 macrophages infected with RB50 (blue) or RB50∆clpV (red) at an MOI of 100
was determined 1 hour and 24 hours after gentamicin application. The average percent
cytotoxicity of four wells in three different experiments was measured by (LDH release
from a well / LDH release from positive control well) x 100 ±SE is shown. * denotes p
value <0.05. Grey line indicates limit of detection.

(p<0.05)(Fig. 5A). Similarly, infection of RAW264.7 macrophages with a human isolate
naturally lacking its T6SS (D445) yielded similarly high levels of recovered intracellular
bacteria by 24 hours (Fig. S4). Thus, loss of a functional T6SS increases in vitro
intracellular survival of B. bronchiseptica in RAW264.7 macrophages. A cytotoxicity
assay [29] was performed to analyze whether lower intracellular RB50 recovery by 24
hours correlates with higher cell death. Intracellular RB50 and RB50∆clpV caused
similar levels of cell death within 1 hour (Fig. 5B), but by 24 hours intracellular RB50
caused higher levels of cell death than RB50∆clpV (p<0.05)(Fig. 5B).

A trypan blue

exclusion cell viability assay [49] confirmed these results (data not shown). Therefore, B.
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Invasion and intracellular survival of RB50∆clpV (red) and a B. bronchiseptica isolate naturally
missing the T6SS (D445, green) in RAW264.7 macrophages at an MOI of 100 at 1 and 24 hours
post-gentamicin application. The grey line indicates limit of detection.

bronchiseptica can survive intracellularly in RAW264.7 macrophages, but the T6SS
inhibits long-term intracellular survival by killing its eukaryotic host cell. These data
suggest that APCs may act as vehicles for the transport of B. bronchiseptica to systemic
organs during in vivo infection and may enable persistence of RB50∆clpV in systemic
organs of Rag1-/- mice.
The T6SS and adaptive immune components limit in vivo intracellular survival.
To investigate whether the T6SS affects intracellular survival in vivo, we
gentamicin treated homogenized organs recovered from mice inoculated with RB50 or
RB50∆clpV and then enumerated surviving (intracellular) bacteria [19]. Less than 1% of
RB50 and RB50∆clpV recovered from the nasal cavities of both C57Bl/6 and Rag1-/mice on days 3 and 21 p.i. were intracellular (Fig. 6A, B). However, approximately 4%
of RB50 in the lungs of C57Bl/6 mice on days 3 and 21 p.i. were gentamicin resistant
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(Fig. 6C, D), suggesting that a proportion of B. bronchiseptica survives intracellularly in
the lungs during infection and that there may be organ-specific differences in the
proportion of bacteria that are intracellular. A similar proportion of RB50 (5%) was
intracellular in lungs of Rag1-/- mice on day 3 p.i., but those numbers increased to 21% by
day 21 p.i. (Fig. 6C, D). Intracellular B. bronchiseptica was therefore observed in both
wild-type and immunodeficient mice but increased over time only in the latter, indicating
that adaptive immune components control numbers of intracellular B. bronchiseptica in
the lungs. Fewer total RB50∆clpV were recovered from the lungs of C57Bl/6 mice by
day 3 p.i. than total RB50, but the proportion of intracellular bacteria recovered at this
timepoint were similar (Fig. 6C). By day 21 p.i., RB50∆clpV numbers in C57/Bl6 lungs
were substantially decreased and no intracellular bacteria were observed (Fig. 6D). The
T6SS is therefore required for persistence in lungs of immune-competent mice, as was
shown previously [29]. In the lungs of Rag1-/- mice, however, 3% of total RB50∆clpV
were intracellular on day 3 p.i. and those numbers increased to 80% by day 21 p.i., which
was substantially higher than wild type intracellular bacterial recovery in these animals
(Fig. 6C, 6D). Hence, loss of the T6SS enables increased recovery of intracellular B.
bronchiseptica from the lungs of immunodeficient mice.
Low numbers of wild-type B. bronchiseptica were recovered from the spleens and
livers of C57Bl/6 mice by day 3 p.i., none of which were intracellular in either organ
(Fig. 6E, 6G). Loss of clpV increased the proportion of intracellular bacteria in the
spleens and livers of C57Bl/6 mice 3 days p.i. to 4% and 1%, respectively (Fig. 6E, 6G).
In Rag1-/- mice RB50∆clpV proportions increased to 8% in the spleen and 4% in the liver
on day 3 p.i., indicating that both clpV and adaptive immune components limit
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intracellular recovery from systemic organs early during infection (Fig. 6E, 6G). While
no RB50∆clpV were recovered from systemic organs of wild-type mice on day 21 p.i.,
3% of 104 CFU and 100% of 106 CFU were recovered intracellularly from the spleen and
liver of Rag1-/- mice by day 21, respectively. These data suggest that that the T6SS
prevents accumulation of intracellular B. bronchiseptica in systemic organs and that
adaptive immune components are required for clearance of systemic RB50∆clpV.
Together these results indicate that in immunodeficient mice the T6SS prevents longterm intracellular survival suggesting that in an immunocompromised host, loss of the
T6SS may aid in B. bronchiseptica persistence.

2.5. Discussion
Many species of bacteria, including S. aureus and P. aeruginosa [50,51], utilize
virulence factors to reach the bloodstream and systemic organs during infection.
However, in other species bacterial factors prevent dissemination to systemic organs.
Loss of those factors then causes a hypervirulent phenotype characterized by increased
intracellular survival, enhanced dissemination to blood and systemic organs, and host
lethality [52–54]. For example, loss of covS or lgt in Staphylococcus aureus, sciS in S.
enterica, and ccpA in Streptococcus pyogenes all lead to hypervirulence and increased
host lethality [47,52–54]. Here we show that loss of the T6SS contributes to enhanced
intracellular survival leading to early host death of immunodeficient mice. A large
proportion of recently sequenced B. bronchiseptica strains are T6SS-negative (Fig. 1),
suggesting that while this secretion system plays an important role during infection [29],
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loss of the T6SS may also benefit B. bronchiseptica by enhancing intracellular survival.
Here we showed that T6SS-deficiency is detrimental for B. bronchiseptica survival in the
lungs of wild-type C57Bl/6 mice (Fig. 6A, 6B). However, disruption of T6SS function is
also detrimental for B. bronchiseptica in adaptive immunodeficient mice; while high
numbers of RB50∆clpV survived intracellularly at the site of infection, the spread of this
mutant to systemic organs via long-term survival in APCs contributed to host death,
representing a “dead-end” for B. bronchiseptica (Fig. 6, Fig. 2). A similar phenotype for
the T6SS has also been reported for Helicobacter hepaticus, where this secretion system
plays a protective role by decreasing intracellular bacterial numbers within intestinal
epithelial cells and by modulating host inflammation [55]. Since B. bronchiseptica kills
its eukaryotic cellular host via a T6SS-mediated mechanism, a functional T6SS is
therefore required for containment of the bacteria to the respiratory tract in
immunocompromised mice and thus potentially increases likelihood of transmission and
ultimate success of this pathogen. Future work will determine whether loss of this
secretion system correlates with intracellular recovery from clinical isolates of
immunodeficient patients, and whether T6SS-deficient B. bronchiseptica strains are able
to persist in the population because of their enhanced survival in an immunocompromised
niche.
An adaptive immune response is required to contain B. bronchiseptica within the
respiratory tract and to limit intracellular B. bronchiseptica numbers. Either B cells or T
cells are sufficient to limit systemic T6SS-negative bacteria, though both are required for
efficient clearance from the lungs (Bendor and Harvill, unpublished). However, a
proportion of T6SS-sufficient B. bronchiseptica was recovered intracellularly from the
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lungs of wild-type mice during infection (Fig. 6C, 6D). Intracellular localization shields
these wild-type B. bronchiseptica from complement, antibodies, and other antimicrobials
released during inflammation, potentially allowing them to evade these responses and
emerge after resolution of the local inflammatory response. Future work will determine
mechanisms of intracellular survival for these T6SS-sufficient B. bronchiseptica,
including whether the wild-type bacteria persist within or repeatedly infect cells and
whether they regulate expression of virulence factors and modulate host cell behavior in
order to maintain their intracellular localization.
Intracellular survival of the T6SS-deficient bacteria appears to be niche specific
as more intracellular bacteria were recovered in the lungs and livers than in the nasal
cavities and spleens, respectively, during infection (Fig. 6A-D). This differential
intracellular survival could be attributed to altered immune surveillance and response in
different organs. Increased intracellular survival in the liver as compared to the spleen
has also been observed with mycobacteria, where a varying immune response accounted
for these differences [56]. In addition, dissimilar architecture or cellular populations of
the two organs may have contributed to differences in intracellular bacterial recovery.
Further work identifying the cell types housing Bordetella in the respiratory tract and
systemic organs may shed light on the niche-specific differences in intracellular survival
that were reported in this study.
All three classical bordetellae (B. bronchiseptica, B. pertussis, and B.
parapertussis) have been shown to be able to survive intracellularly [5,8,11,12,57]. Of
the three, B. bronchiseptica is the only species predicted to have a functional T6SS [36]
while the T6SS is absent from B. pertussis and degenerated in B. parapertussis [36,39].
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Additionally, O antigen has been reported to mediate B. parapertussis survival in
neutrophils [12] but B. pertussis lacks the O antigen locus [39], indicating that an
alternative factor is likely required for intracellular survival of B. pertussis. The T3SS
appears to function similarly to the T6SS by limiting intracellular survival and systemic
recovery of B. bronchiseptica [58] (Bendor and Harvill, unpublished), but is probably not
functional in B. parapertussis because of pseudogenes present in the locus [39]. Lastly,
higher levels of B. bronchiseptica Bvg- mutants have been recovered intracellularly in
vitro than wild-type [6], but B. pertussis appears to require Bvg function for invasion and
intracellular survival in macrophages in vitro [59]. Thus, there seem to be different
mechanisms for intracellular survival in these three closely related species, and we have
identified a system in which we can dissect their varying intracellular survival strategies.
This system will be useful to investigate when and how Bordetella species utilize an
intracellular niche during infection, which will provide essential information for the
design of improved vaccines and therapeutics.
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Chapter 3

Bvg- phase Allows Bordetella bronchiseptica to Survive and Grow in
Dictyostelium discoideum.

77

3.1. Abstract
The BvgAS two component system has served as a paradigm for a global
virulence regulon, controlling the expression of virtually all genes involved in the
pathogenicity of the classical Bordetella species. While the Bvg+ phase has been shown
to be necessary and sufficient for respiratory tract infection, the Bvg-‐ phase remains
enigmatic; although large sets of genes expressed in the Bvg- phase are highly conserved
and co-ordinately regulated, they do not appear to be important during infection of
mammalian hosts and no extra-host reservoir or niche has been identified. Here we show
that B. bronchiseptica survives in Dictyostelium discoideum sori and that the Bvg-‐ phase
is important for this survival. When sori are transferred to a new alternative bacterial food
source, B. bronchiseptica is again incorporated and grows within newly formed fruiting
bodies, demonstrating a persistent bacteria-amoeba association that allows for repeated
geographic transmission of both. B. bronchiseptica within sori can be transmitted to a
new location via an insect intermediary and is able to efficiently infect mice, indicating
that amoebae may represent both an environmental reservoir and a vector within which
the Bordetella can expand and disseminate to encounter and infect mammalian hosts.
Recognizing amoebae as potential environmental reservoirs for the bordetellae, and
identifying the Bvg-‐ phase as important for amoebic survival, are both crucial for our
understanding of Bordetella persistence mechanisms outside of the host and will help to
better control transmission and disease.
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3.2. Introduction
The Bvg regulon, which senses environmental cues and controls transcription of
over 100 virulence-associated factors [1], is strongly conserved amongst the classical
bordetellae [2]. Like other two-component signal transduction systems, the Bordetella
Bvg regulon contains a sensor kinase (BvgS) which sends a signal to a DNA-binding
response regulator (BvgA) via a four step His-Asp-His-Asp phosphotransfer signaling
mechanism [2]. Once phosphorylated by BvgS, BvgA promotes transcription of Bvg+
phase specific genes by binding to cis-acting sequence motifs in their promoter regions
[3]. Growth at lower temperatures (below 26oC) or application of chemicals including
nicotinic acid or MgSO4 have been shown to modulate the Bvg signal, inducing a Bvg-‐
phase in which virulence factor expression is repressed. Although large sets of genes that
are specifically induced in the Bvg-‐ phase have been identified, including those that
enable flagella-mediated motility, the natural conditions under which these are expressed
and the environmental signals that regulate them remain unknown [4,5]. While the Bvg+
phase has been shown to be necessary and sufficient for infection and survival in mice
[6], swine [7], and rabbits [8], a Bvg-‐ phase-locked mutant is rapidly cleared during
infection and ectopic expression of Bvg-‐ genes has been shown to be detrimental for
Bordetella survival during infection [9]. Thus, the Bvg-‐ phase is not believed to be
utilized during respiratory tract infection. Speculated roles for the Bvg-‐ phase include
transmission between hosts or survival in some unknown extra-host environment, but
direct evidence is lacking [3,7,10].
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Bordetella species are gram-negative coccobacilli that infect the respiratory tracts
of mammals. Bordetella pertussis and Bordetella parapertussis are the etiological agents
of whooping cough in humans [11], and Bordetella bronchiseptica is a closely related
species that infects mainly non-human mammals and immunocompromised humans
[11,12]. B. bronchiseptica is believed to have the potential to survive in the environment
due to its upregulation of flagella, increased motility, and ability to survive in nutrient
limited conditions while in the Bvg-‐ phase [13,14]. However, an environmental reservoir
has yet to be identified for the bordetellae [3].
Amoebae are common environmental protists that feed on bacteria and have been
isolated from soil, air, water, and nasal mucosa of healthy human volunteers [15–17].
When food is plentiful, amoebae survive as single-celled trophozoites; however, once the
food source has been depleted from an area, amoebae send out cAMP signals to trigger
aggregation to ultimately form a multicellular fruiting body comprised of a stalk and a
sorus containing amoeba spores [18]. These sori can be disseminated by wind, leaf litter,
or passing animals to a new area with a more plentiful food source where the amoebae
once again continue their life cycle as single-celled organisms. While many species of
bacteria merely serve as a food source for amoebae, some important bacterial pathogens
have evolved means of surviving amoeba predation [19]. Since amoebae and human
immune cells are structurally and functionally very similar [20], the ability of these
pathogens to survive intracellularly during mammalian infection may be linked to an
evolved mechanism for avoiding amoeba predation. While most amoeba resistant
bacterial species (ARBs) identified thus far survive in amoeba trophozoites and block
differentiation into mature fruiting bodies [21–23], P. fluorescens and B. xenovorans do
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not block amoeba differentiation into fully formed fruiting bodies. These species have
actually been shown to survive endosymbiotically in amoeba sori by either producing
secondary metabolites to aid in amoeba spore production [24] or by protecting host
amoeba strains against other non-host strains [25]. Bacterial species that survive in
trophozoites or in fruiting bodies benefit by being protected from harsh external
conditions including lower temperature, changes in pH, antimicrobials, and strong
cleaning agents [19]. Moreover, the relatively frequent isolation of amoebae from
healthy human nasal mucosa [26] suggests that amoebae can act as both environmental
reservoirs and transmission vectors for the bacteria that have evolved to persist within
them.
To date, there has been no environmental reservoir identified for the Bordetella
and a main question in the field revolves around whether these important pathogens are
able to survive outside of the mammalian host. Since we have shown that Bordetella
bronchiseptica uses the intracellular niche during infection (Chapter 2), we set out to
determine whether B. bronchiseptica can survive amoeba predation and persist
intracellularly in amoeba trophozoites or in fruiting bodies. In this work, Bordetella
bronchiseptica is shown to survive predation of amoebae by successful infection of
trophozoites, followed by persistence and growth in amoeba sori. The presence of B.
bronchiseptica appears to impose a reproductive cost to amoebae, as spore numbers in
sori carrying B. bronchiseptica are lowered over time. The Bvg-‐ phase of B.
bronchiseptica is shown here to be important for survival outside of the mammalian host
in amoeba sori, suggesting that either Bvg-‐ phase genes or genes not regulated by the Bvg
regulon may be important for interactions with amoebae. Additionally, B. bronchiseptica
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is able to form a stable association with trophozoites as shown by recovery of the bacteria
from sori of newly formed fruiting bodies after passage onto a different food source. B.
bronchiseptica in amoeba sori is able to be transferred by flies to a new location and can
efficiently infect mice, suggesting that amoeba sori represent both an environmental
reservoir and a transmission vector for B. bronchiseptica.

3.3. Materials and Methods
Bacterial Strains and growth. Bordetella bronchiseptica strains RB50, RB53, and
RB54 and Klebsiella aerogenes have been previously described [8,8,27]. B.
bronchiseptica was grown and maintained on Bordet-Gengou (BG, Difco) agar
supplemented with 10% defibrinated sheep’s blood (Hema Resources) and 20 μg/ml
streptomycin (Sigma). K. aerogenes was grown and maintained on Luria-Broth (LB,
Difco) agar. For infections with culture-grown bacteria, B. bronchiseptica was grown
overnight at 37oC to mid-log phase in Stainer Scholte liquid broth (SS) and K. aerogenes
was grown at 37 oC to mid-log phase in Luria Broth (LB) liquid broth.
Amoeba strains, growth, and bacterial recovery. D. discoideum strain AX4 has been
previously described [28]. To grow D. discoideum, approximately 1x104 spores collected
from sori were added to lawns (1x109 CFU/mL) of K. aerogenes or B. bronchiseptica on
SM5 [29] plates and were incubated at room temperature for the length of the timecourse
(20oC). On indicated timepoints (corresponding to the number of days post-addition of
amoeba), individual sori were picked using a micro-pipette tip, resuspended in PBS, and
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vortexed. The presence of K. aerogenes or B. bronchiseptica in sori was determined by
dilution plating on LB or BG plates, respectively.
Amoeba spore assay. To determine the number of spores present in sori of amoebae
grown on K. aerogenes or B. bronchiseptica, sori were picked at indicated timepoints
using a micropipette tip and were resuspended in PBS. The resuspended amoeba spores
were then mixed at a 1:1 ratio with K. aerogenes grown to mid-log phase, and dilutions
were plated on SM5 plates for 3 days at 20oC. Plaques that formed on lawns of K.
aerogenes were counted and the number of amoeba spores per sorus were enumerated.
Serial passage assay. Spores collected from D. discoideum sori were added to lawns
(1x109 CFU/mL) of K. aerogenes or B. bronchiseptica on SM5 plates and were incubated
at room temperature (20oC) to allow formation of fruiting bodies. Individual sori were
then picked using a micro-pipette tip, resuspended in PBS, and vortexed. Resuspended
amoeba cells and bacteria released from sori were then added to new lawns of K.
aerogenes on SM5 plates. Plates were incubated at 20oC and new fruiting bodies were
allowed to form. Sori from these fruiting bodies were collected and any B.
bronchiseptica present in sori were enumerated via dilution plating on BG agar as
previously described.
Intracellular survival assay. D. discoideum cells were grown to 80% confluency (1x105
CFU / well) in HL-5 media [30] in 96-well tissue culture treated plates (Greiner Bio-One)
at 20oC. 10 μL of B. bronchiseptica or K. aerogenes were added to wells at an MOI of
100. Plates were centrifuged at 5000 RPM for 5 min at room temperature and then
incubated at 20oC. After 1 hour, 100 μL of 0.1% triton X solution in PBS was
administered to a subset of wells, followed by a 5 min incubation at 20oC and vigorous
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pipetting to lyse open cells. 10 μL dilutions were serially diluted and plated on BG or LB
to quantify total B. bronchiseptica or K. aerogenes (intracellular and extracellular)
present after 1 hour. At 1 hour, supernatant was removed from remaining wells and
replaced with 100 μL of 100 μg/mL gentamicin solution (Sigma-Aldrich) in HL-5 to
remaining sample wells. Plates were incubated at 20oC, and then at 1, 4, and 24 hours
post-gentamicin addition, appropriate wells were washed 3x with PBS and treated with
100 μL 0.1% triton X as described above for enumeration of intracellular bacteria.
Fly Experiment. This experiment was conducted as previously described [31]. Briefly,
sori of amoebae grown on lawns of B. bronchiseptica (carrying B. bronchiseptica) were
added to lawns of K. aerogenes grown on SM5 in 50 mL conical tubes. After amoebae
consumed the entire lawn (ensuring that all remaining bacteria are present in fruiting
bodies) flies were added to conical tubes. After flies came into contact with amoeba sori
(carrying B. bronchiseptica), they were then transferred to amoeba-specific SM5 plates
with lawns of K. aerogenes to determine whether flies could act as transmitters of
amoeba spores. After exposure to flies, SM5 plates were incubated at 20oC for four days
and then were inspected for the presence of amoeba plaques. Alternatively, flies were
transferred to BG selective plates to determine whether B. bronchiseptica in amoeba sori
could be transmitted to a new location via the fly vector. After exposure to flies, BG
plates were incubated at 37oC for two days and were then examined for the presence of B.
bronchiseptica bacterial colonies.
Mouse Experiment. Four- to six- week old C57Bl/6 mice were ordered from Jackson
laboratories (Bar Harbour, ME) and were bred in a pathogen-free facility at the
Pennsylvania State Laboratory (University Park, PA). All experiments were conducted
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following institutional guidelines, and animal experiments were conducted as previously
described (32–34). Briefly, the number of bacterial colony units in liquid SS culture was
determined by the optical density measured by absorbance of light at 600 nm. The
bacteria were diluted to 1x107 CFU/mL in PBS, and inocula were confirmed by plating
dilutions on BG agar and counting resultant colonies after incubation for two days at
37oC. For inoculation, mice were lightly sedated with 5% isofluorane (IsoFlo, Abbott
Laboratories) and were inoculated with 5x105 CFU bacteria by gently pipetting 50 μL of
the inoculum onto their external nares. To quantify bacterial numbers in respiratory tract
and systemic organs, mice were euthanized via CO2 inhalation, and the indicated organs
were excised. Tissues were homogenized in 1 mL PBS, serially diluted and plated on BG
agar containing 20 μg/mL streptomycin, and colonies were counted after incubation at
37oC for two days. Mice were monitored over the course of the experiment and any mice
that were hunched over, had labored breathing, or displayed unresponsiveness or lack of
motility were removed from the experiment and euthanized to prevent unnecessary
suffering.
Statistical Analysis. The mean +/- standard error (error bars in figures) was determined
for all appropriate data. Two tailed, unpaired student’s t tests were used to determine
statistical significance between two normally distributed populations. When more than
two groups were analyzed, one- and two-way ANOVA tests were used. Graphpad Prism
version 6.04 was used to conduct these statistical tests and to generate figures.
Ethics Statement. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Institutional Animal Care
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and Use Committee at The Pennsylvania State University at University Park, PA (#46284
Bordetella-Host Interactions). All animals were anesthetized using isoflourane or
euthanized using carbon dioxide inhalation to minimize animal suffering.

3.4. Results
B. bronchiseptica survives intracellularly in D. discoideum cells.
We and others have previously documented the ability of B. bronchiseptica to
survive intracellularly in vitro [35–40] and in vivo [12,41,42] during infection. Amoebae,
which are remarkably similar to macrophages both morphologically and structurally [20],
serve as environmental hosts for some intracellular human pathogens [43–46]. To
Intracellular Bacteria
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Figure 3-1: B. bronchiseptica infects amoeba cells in vitro.
Intracellular survival of B. bronchiseptica (blue) and K. aerogenes (orange) in D. discoideum
cultured cells at an MOI of 100 at 1, 4, and 24 hour after gentamicin application. **** denotes p
<0.00005.
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determine whether B. bronchiseptica can survive intracellularly in amoeba cells, we
performed a gentamicin protection assay and enumerated intracellular bacterial numbers
at 1, 4, and 24 hours post addition of gentamicin (Fig. 1). While Klebsiella aerogenes
were not recovered intracellularly from amoebae at any timepoint, high numbers
(approximately 1x107 CFU) of B. bronchiseptica (10% of the inoculum) were recovered
intracellularly by one hour (p<0.00005). By 4 hours, approximately 1x106 CFU B.
bronchiseptica were recovered intracellularly, indicating that Bordetella can survive but
not replicate short-term in amoeba cells. By 24 hours, 6x103 CFU B. bronchiseptica were
recovered intracellularly. Overall, these results suggest that Bordetella bronchiseptica
has the ability to invade and survive transitorily in amoeba cells.

B. bronchiseptica survives and replicates in the sorus of amoeba.
Several bacterial species that resist amoeba predation do so by surviving in
amoeba trophozoites [21–23]. Interestingly, these amoeba resistant bacteria (ARBs) have
all been shown to inhibit differentiation of D. discoideum into fruiting bodies [21,47,48].
Other bacterial species, including B. xenovorans and P. fluorescens, have been shown to
survive in amoeba sori and maintain a symbiotic relationship with their amoebic host
[24,25,49]. We therefore investigated whether B. bronchiseptica prevents D. discoideum
fruiting body formation and, if not, whether B. bronchiseptica can be recovered from sori
of formed fruiting bodies. When added to lawns of B. bronchiseptica, D. discoideum
spores were able to form mature fruiting bodies suggesting that B. bronchiseptica does
not kill amoeba or inhibit D. discoideum aggregation or fruiting body formation (data not
shown).
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Figure 3-2: B. bronchiseptica survives and replicates in amoeba sori.
Recovery of B. bronchiseptica (blue) and K. aerogenes (orange) from D. discoideum sori on days
10, 15, and 21 post-addition of amoeba to lawns of B. bronchiseptica or K. aerogenes,
respectively. **** denotes p<0.00005. Grey dotted line indicates the limit of detection. ND-Not
Detected.

Next, numbers of bacteria recovered from sori of amoeba grown on B.
bronchiseptica or K. aerogenes lawns were determined over time (Fig. 2). By day 10,
high levels of B. bronchiseptica were recovered (approximately 5x103 CFU / sorus). The
number of B. bronchiseptica recovered from sori increased by day 15 (2x104 CFU / sorus)
and further increased by day 21 (5x104 CFU / sorus), suggesting that B. bronchiseptica is
able to survive and grow in amoeba sori over time. K. aerogenes, which has been
documented in the literature as unable to survive amoeba predation, was either not
recovered or recovered at very low levels from sori over the timecourse (Fig. 2). These
data suggest that, in contrast to bacterial species that merely serve as “food” for amoeba,
B. bronchiseptica is able to survive and replicate in sori of D. discoideum.
B. bronchiseptica lowers amoeba spore numbers over time.
Unlike pathogenic ARBs that have been shown to prevent amoeba differentiation
into fruiting bodies, B. bronchiseptica is able to survive in sori of amoeba (Fig. 1). We
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thus hypothesized that, like B. xenovorans and P. fluorescens, B. bronchiseptica may act
endosymbiotically with its amoeba host. To determine whether B. bronchiseptica present
in D. discoideum sori are harmful or beneficial to amoeba over time, sori of amoeba
grown on lawns of B. bronchiseptica or K. aerogenes were resuspended in PBS and
amoeba spore numbers were determined (Fig. 3). By day 9 and 16 post-addition of
amoeba (p.a.), there was a trend toward lower spore recovery from sori of amoeba grown
on B. bronchiseptica as compared to those grown on K. aerogenes. By day 23 p.a.,
numbers of spores in sori of amoeba grown on B. bronchiseptica were significantly lower
than spores present in sori of amoeba grown on K. aerogenes (p<0.005). These data
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Figure 3-3: B. bronchiseptica reduces amoeba spore recovery in sori over time.
A) Recovery of amoeba spores from sori of D. discoidium grown on lawns of K. aerogenes
(orange) or B. bronchiseptica (blue) on days 9, 16, and 23 post-addition of amoeba to lawns of K.
aerogenes or B. bronchiseptica, respectively. ** denotes p<0.005.
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demonstrate that B. bronchiseptica is transported to fruiting bodies where it grows in
numbers and imposes a reproductive cost to amoeba over time, suggesting a nonendosymbiotic relationship between the bacteria and host amoeba.
B. bronchiseptica can be transported with D. discoideum through multiple
generations of the amoeba lifecycle.
The ability to replicate in amoeba sori suggests that B. bronchiseptica has an
evolved mechanism for survival outside of the mammalian host. To determine whether
this mechanism enables persistent association with amoeba and therefore long-term
survival and transport for B. bronchiseptica, we conducted a sorus passaging assay. Sori
containing on average 1x105 CFU B. bronchiseptica were picked, resuspended in PBS,
and added to lawns of K. aerogenes. Approximately 1x102 CFU B. bronchiseptica were
then recovered from sori of newly formed fruiting bodies (Fig. 4). When those sori were
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Figure 3-4: Vertical passage of B. bronchiseptica through amoeba generations.
Recovery of B. bronchiseptica (blue) from new sori of D. discoidium grown on lawns of K. aerogenes
formed after one passage (P1) or two passages (P2) of sori originally grown on lawns of B.
bronchiseptica. The grey dotted line indicates the limit of detection.
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once again added to lawns of K. aerogenes and new fruiting bodies formed,
approximately 1x104 CFU B. bronchiseptica were recovered. B. bronchiseptica therefore
forms a stable association with amoeba cells and can be vertically transmitted into the
sorus through multiple amoebic lifecycles.
Bvg-‐ phase is important for B. bronchiseptica recovery from and growth in D.
discoideum fruiting bodies.
The Bvg+ phase has been shown to be necessary and sufficient for infection of a
variety of mammalian hosts [6–8], and the Bvg-‐ phase has thus been hypothesized to be
important for environmental survival outside of the mammalian host [8]. To determine
whether Bvg regulates genes involved in interactions with amoeba, we grew D.
discoideum on lawns of B. bronchiseptica mutants locked in the Bvg+ phase (RB53) and
locked in the Bvg-‐ phase (RB54). As expected, tens of thousands of wild-type B.
bronchiseptica were recovered from amoeba sori by day 8 post-addition of amoeba, and
those numbers increased ten-fold over the timecourse (Fig. 5A). Significantly fewer
(p<0.0005) Bvg+ phase-locked mutants (RB53) were recovered from sori by day 8 postaddition of amoeba (p.a.) than wild-type strain RB50, and those numbers remained lower
than RB50 through the timecourse. Importantly, similar numbers of the Bvg-‐ phaselocked strain RB54 were recovered from sori as wild-type strain RB50, indicating that the
Bvg- phase is important for bacterial survival in sori of amoeba (Fig. 5A). Therefore,
expression of Bvg+ phase genes is detrimental for B. bronchiseptica transit to or survival
in amoebae sori.
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Figure 3-5: The Bvg- phase is necessary and sufficient for B. bronchiseptica recovery from sori.
A) Recovery of wild-type B. bronchiseptica (RB50, blue), Bvg-‐ phase locked B. bronchiseptica
(RB54, purple), Bvg+ phase locked B. bronchiseptica (RB53, turqoise), and K. aerogenes
(orange) from D. discoideum sori on days 8, 10, 12, and 15 post-addition of amoeba to lawns of
RB50, RB54, RB53, and K. aerogenes, respectively. B) Recovery of Bvg+ phase-locked B.
bronchiseptica (RB53, turqoise) and Bvg-‐ phase-locked B. bronchiseptica (RB54, purple) from
sori of D. discoidium grown on a mixed lawn of RB53 and RB54 (hatched bars) as compared to
recovery of RB54 from D. discoidium sori grown on lawns of RB54 alone. Proportion of RB53
phase-locked B. bronchiseptica that have mutated to Bvg-‐ are indicated in red. * denotes p<0.05,
*** p<0.0005. The grey dotted line indicates the limit of detection.

Lower recovery of B. bronchiseptica locked in the Bvg+ phase from sori could be
due to constitutive expression of Bvg+ phase genes. Alternatively, lower bacterial
recovery could be attributed to the lack of Bvg-‐ phase gene expression. To distinguish
between these two possibilities, D. discoideum were grown on a mixed RB53 (Bvg+) and
RB54 (Bvg-‐) lawn and bacteria recovered from sori were enumerated (Fig. 5B). If Bvg+
phase gene expression causes lower bacterial recovery from sori, we would expect to
recover fewer RB54 from sori grown on the mixed RB53 and RB54 lawns as compared
to numbers recovered from sori grown on RB54 lawns alone. Alternatively, if expression
of Bvg-‐ phase genes is required for efficient sori survival, then we would expect to
recover increased RB53 from the mixed infection due to the presence of RB54. Similar
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numbers of RB54 were recovered from sori grown on mixed lawns as compared to sori
grown on lawns of RB54 alone by day 9 p.a. (Fig. 5B), suggesting that the presence of
Bvg+ phase-locked bacteria, and therefore constitutive expression of Bvg+ phase genes,
does not affect bacterial recovery from sori. Interestingly, RB53 numbers recovered from
sori grown on mixed lawns were still recovered at significantly lower numbers than
RB54 on day 9 p.a. (p<0.05), suggesting that the expression of Bvg-‐ phase genes is not
sufficient to enable efficient RB53 recovery from sori. We noted, however, that 30% of
RB53 recovered from sori had mutated to Bvg-‐ by day 9 and 87% had mutated to Bvg-‐ by
day 23. Therefore, expression of Bvg+ phase genes ensures lower recovery of RB53 but
not RB54 from sori grown on mixed lawns and increasing numbers of RB53 recovered
from sori over time may be attributed to bacterial replication after mutation to Bvg-‐.
Overall, these data suggest that the Bvg– phase is necessary and sufficient for B.
bronchiseptica survival in amoeba sori.
B. bronchiseptica in amoeba sori can be transmitted via an insect vector and can
colonize mice.
The ability of B. bronchiseptica to hijack the D. discoideum mechanism for
dissemination (via survival in sori) may contribute to B. bronchiseptica geographical
spread. To determine whether B. bronchiseptica in sori can be transmitted to a new
location via an intermediary, flies were added to conical tubes containing B.
bronchiseptica–filled fruiting bodies and were then transferred to new plates either
containing media specific for D. discoideum and covered in K. aerogenes (to check for
amoeba transmission) or BG agar with streptomycin (to check for Bordetella
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Figure 3-6: B. bronchiseptica recovered from sori are transmitted via an intermediate vector and
efficiently infect mice.
A) B. bronchiseptica- (left plate) and amoeba- specific plates (right plate) with bacterial colonies
and amoeba plaques present after exposure to spore-carrying flies (Experimental schematic
above). B) Bacterial numbers recovered from respiratory tract and systemic organs of C57Bl/6
mice on day 3 post-inoculation with B. bronchiseptica recovered from sori of D. discoidium
(clear blue bars) or grown in culture (hatched blue bars). * denotes p<0.05. The grey dotted line
indicates the limit of detection.
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transmission). Amoeba plaques and fruiting bodies were able to form on lawns of K.
aerogenes after exposure to flies, suggesting that intermediate vectors can transmit
amoebae spores efficiently to new geographical locations (Fig. 6A). Additionally, B.
bronchiseptica colonies formed on BG plates after exposure to spore-carrying flies,
suggesting that flies can transmit viable B. bronchiseptica in amoeba spores to new
locations. Lastly, B. bronchiseptica was recovered from fruiting bodies of amoeba after
transfer by flies to lawns of K. aerogenes, once again illustrating that B. bronchiseptica
forms stable associations with amoeba such that it can be disseminated to new locations
while persisting in sori.
Besides aiding in geographical dissemination, we hypothesized that survival of B.
bronchiseptica in amoeba sori could aid in transmission to the next mammalian host. To
investigate whether Bordetella from fruiting bodies can efficiently re-infect mice, mice
were inoculated either with B. bronchiseptica grown in culture or with sori containing B.
bronchiseptica. Bacteria from amoeba sori and bacteria grown in culture similarly
colonized the lungs and tracheas of mice by day 3 post-inoculation (p.i.) (Fig. 6). In fact,
bacteria recovered from amoeba were able to colonize murine nasal cavities to 10 fold
higher levels by day 3 p.i. than bacteria grown in culture (p<0.05). Survival in amoebae
therefore does not inhibit B. bronchiseptica transmission to mammalian hosts but may
rather increase bacterial virulence in the new host.
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3.5. Discussion
Herein, we describe for the first time the ability of the respiratory pathogen
Bordetella bronchiseptica to survive outside of the mammalian host in trophozoites and
sori of the amoeba D. discoideum. Moreover, we show that the enigmatic Bvg-‐ phase of
B. bronchiseptica is important for bacterial persistence in amoeba sori. B. bronchiseptica
is shown to form a persistent relationship with amoeba spores such that it can be reisolated from newly formed fruiting bodies after passage, suggesting that B.
bronchiseptica has evolved an ability to survive for extended periods of time in the
absence of a mammalian host in this environmental niche. Crucially, B. bronchiseptica
in amoeba sori can be successfully transmitted to new locations by an insect vector and
can efficiently colonize respiratory tract organs after re-introduction into the mammalian
host. Based on our results, we propose the following model: During infection of the
mammalian host, B. bronchiseptica utilizes the Bvg+ phase. B. bronchiseptica uses the
Bvg-‐ phase, however, to survive predation by amoebae in the environment and replicate
in sori of amoeba fruiting bodies. B. bronchiseptica forms a stable association with
amoebae and is thus passaged vertically from sorus to sorus through multiple generations.
Bacteria from sori can efficiently re-infect mice, and switch back to Bvg+ phase in the
mammalian host. Thus, amoebae can act as an environmental reservoir, amplification
vector, and mode of transmission for B. bronchiseptica.
For a century, D. discoideum has served as a model organism for studies of cell
migration, cell signaling, cytokinesis, cellular development, altruism, and phagocytosis
[50–55]. Relatively recently, several important human pathogens were shown to survive
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Figure 3-7: Bvg status during colonization of the mammalian host (Bvg+) and during
environmental survival in amoeba (Bvg-‐).
Model illustrating the importance of the Bvg-‐ phase for survival outside of the mammalian host.
While the Bvg+ phase is necessary and sufficient for B. bronchiseptica colonization of
mammalian hosts, the Bvg-‐ phase is important for environmental survival in amoebae. B.
bronchiseptica is able to survive in fruiting body sori and forms a stable association with amoeba
such that it is transmitted through the lifecycle from sorus to sorus. Importantly, B.
bronchiseptica from amoeba sori can efficiently re-infect mice.

amoeba predation and amoebae are now studied as environmental reservoirs for these
pathogens [21,56,57]. Interestingly, these ARBs have been shown to prevent D.
discoideum differentiation into mature fruiting bodies [21], and thus these pathogens have
only been shown to survive in amoeba trophozoites in cell culture assays. The only
bacteria identified that survive in sori of amoeba, in fact, have been classified as mere
food sources [49] or as having endosymbiotic relationships with their amoeba hosts
[24,58]. We show here that B. bronchiseptica has evolved an ability to hijack the amoeba
lifecycle such that it can be recovered from amoeba sori. Moreover, B. bronchiseptica
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appears to harm its amoeba host by causing decreased spore recovery from infected sori
over time. This work reveals novel bacterial-amoebic interactions that culminate in
utilization of the amoeba mechanism for dissemination by B. bronchiseptica, suggesting
that this bacterial pathogen has evolved a parasitic mechanism with which to transmit to
the next mammalian host.
The enigmatic Bvg-‐ phase of the Bordetella Bvg regulon has previously been
hypothesized to be important for ex-vivo survival either during transmission from host to
host or in a hypothetical environmental reservoir [3,7,10]. Here we showed that the Bvg-‐
phase is important for B. bronchiseptica survival in amoeba and that high numbers of
bacteria can persist in and be disseminated by these environmental organisms whilst in
this phase. While Bvg-‐ phase genes are conserved amongst the classical Bordetella [5],
transcriptional regulators controlling expression of metabolic, transporter, and motility
loci in the Bvg-‐ phase have been shown to vary [1]. Future work will investigate whether
Bvg-‐ phase genes are similarly maintained in B. pertussis and B. parapertussis for
environmental survival in amoeba or are conserved for another unidentified purpose.
In this work, D. discoideum was used as the representative species for the
determination of whether B. bronchiseptica can survive amoeba predation. However, it
will be interesting to investigate whether Bordetella can survive in other clinically
relevant amoeba species. After all, while D. discoideum cannot survive at temperatures
higher than 27oC, other amoeba species including Acanthamoeba, Naegleria and
Hartmannella can survive and grow at mammalian body temperature (37oC) [16]. These
amphizoic amoeba species are abundant in the environment, and are opportunistic
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pathogens in immunocompromised patients [59]. Bordetella survival in these clinical
species will enable us to answer crucial questions including whether the Bvg-‐ phase is
utilized for survival in amoeba once in the mammalian host and whether bacterial
survival in amoebae enables hypervirulence upon co-infection.
B. bronchiseptica recovered from amoeba sori were able to efficiently re-infect
mice, and amoebae may therefore represent a transmission vector for B. bronchiseptica.
Large-scale studies testing the prevalence of amoebae have shown that up to 9% of
healthy human volunteers have amoebae present in nasal mucosa at any one time, and
these studies suggest that amoebae can comprise part of the human microbiota in healthy
individuals [59]. Also, the high levels of amoebae recovered from hospital water systems
[60,61] indicate that transmission of B. bronchiseptica to healthy and immune-modulated
patients via amoebae is entirely possible. Disease transmission management strategies
for the bordetellae may therefore have to be altered to take amoeba into account as an
environmental reservoir and transmission vector. Importantly, the high-dose
experimental infection of B. bronchiseptica (5x105 CFU / mouse) has previously been
criticized because this high bolus of bacteria isn’t believed to mirror a natural infection
involving only a few aerosolized bacteria [62]. However, our data suggest a novel
transmission pathway in which amoebae transmit large amounts of bacteria to the nasal
mucosa. Further work analyzing the ability of Bordetella to be recovered
environmentally in amoebae or associated with amoebae during infection will shed light
on the evolutionary and ecological implications of pathogenesis of these bacteria using
this niche.
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Chapter 4

Bordetella bronchiseptica Alters Dynamics of Dictyostelium discoideum
Growth.
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4.1. Abstract
Interest in bacterial-amoebic interactions has increased since amoebae were
identified as environmental reservoirs for several clinically relevant human pathogens.
Most of the studies showing bacterial survival in amoeba have used trophozoites in cell
culture, and amoeba-resistant bacterial species have in fact been shown to prevent
amoeba differentiation into mature fruiting bodies. Until recently, the only bacterial
species that have been identified as able to survive in amoeba sori have been classified as
mere “food” or as endosymbionts to their amoeba hosts. We have shown that Bordetella
bronchiseptica is able to survive in trophozoites and sori of amoeba and, moreover, that
B. bronchiseptica harms the amoeba host by reducing spore production (Chapter 3).
Here we further investigate amoeba-B. bronchiseptica interactions by identifying and
examining an extraordinary phenomenon whereby amoebae form initial plaques and
fruiting bodies on B. bronchiseptica, but their migration and continued predation of the
bacterial lawn is prevented. Meanwhile, B. bronchiseptica are recovered from sori of
formed amoeba fruiting bodies growing in the plaque. In contrast, D. discoideum plaques
efficiently expand after being deposited onto lawns of Klebsiella aerogenes, and K.
aerogenes are not recovered from sori of fruiting bodies. Adenylate cyclase toxin, which
is known to intoxicate cells by altering cAMP levels during infection, is shown here to be
important for B. bronchiseptica inhibition of amoeba expansion. Interestingly, B.
bronchiseptica does not inhibit amoeba plaque growth when mixed with low levels of K.
aerogenes, suggesting that amoebae are able to bypass the B. bronchiseptica mechanism
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of inhibition when another bacterial species is present. Still, amoebae produce
significantly fewer fruiting bodies on lawns of K. aerogenes in the presence of B.
bronchiseptica than on K. aerogenes alone. While the presence of K. aerogenes in the
mixed lawns enables amoeba plaque expansion, B. bronchiseptica continues to be
harmful to amoebae in the presence of K. aerogenes. Crucially, B. bronchiseptica is still
recovered from sori of amoeba grown on mixed lawns, suggesting that B. bronchiseptica
is at a selective advantage in the presence of other bacteria due to its evolved ability to
survive amoeba predation. B. bronchiseptica thus employs a novel mechanism of
survival during amoeba predation involving inhibition of amoeba expansion compounded
with survival in sori. Further elucidation of this mechanism will contribute broadly to the
fields of evolution, pathogenesis, and to our general understanding of bacterial-amoebic
interactions.

4.2. Introduction
Amoebae are ubiquitous in nature and feed on bacteria, fungi, and algae [1]. With
a plentiful food source, amoebae grow and divide in a single-celled state [2]. However,
once their food source has been depleted, amoebae release a cyclic adenosine
monophosphate (cAMP) signal to aggregate together and form a multicellular organism,
called a slug, that is responsive to heat and light and enables movement of the amoebae to
a new location [3–5]. The cells in the slug ultimately differentiate into a mature
multicellular body comprised of dead amoeba cells forming a “stalk” that hold up a
spherical group of live amoeba spores (the “sorus”) [6]. The spores in the sorus can be

109

disseminated to a more food-rich source by perturbations including wind and passing
animals. When food is once again available, amoeba spores resume a single-celled
lifestyle [2].
While most bacteria are simply “food” for amoebae, some bacteria have evolved
mechanisms to survive amoeba predation [1]. Several bacterial species, including
Salmonella typhimurium and Vibrio cholera, have been documented as acting
pathogenically towards amoebae to prevent predation [7]. Other bacteria have been
documented as forming an endosymbiotic relationship with amoebae; amoebae benefit
from this relationship by increased spore production or access to metabolites produced by
the bacteria, and bacteria benefit by being protected from harsh environmental conditions
[8–11]. Amoebae therefore act as environmental reservoirs and also as transmission
vectors for some clinically relevant bacterial pathogens including Legionella
pneumophila, Mycobacterium tuberculosis, and Francisella tularensis [1,12–14].
The bordetellae are gram-negative coccobaccili that cause disease by infecting the
respiratory tract of mammals. Bordetella pertussis and B. parapertussis, the etiological
agents of whooping cough in humans, are closely related to B. bronchiseptica, which
infects a variety of mammals and causes disease in immunocompromised human patients
[15]. Dictyostelium discoideum has recently been identified as a potential environmental
reservoir and transmission vector of B. bronchiseptica (Chapter 3). While we have
shown that B. bronchiseptica appears to be harmful to amoebae by lowering spore
numbers in sori over time, bacterial-amoebic interactions are still relatively undefined for
this system.
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In this work, we show that after establishment of an initial plaque, amoeba
expansion is inhibited by B. bronchiseptica. Additionally, we identify the adenylate
cyclase toxin as an important virulence factor involved in preventing plaque expansion.
However, in the presence of other bacteria, B. bronchiseptica no longer inhibits amoeba
predation and plaque expansion but alters the growth of the resulting fruiting bodies.
Importantly, B. bronchiseptica are still recovered from sori of amoebae grown in the
presence of other bacterial species, suggesting that B. bronchiseptica has a selective
advantage in the presence of amoebae due to its evolved ability to survive in sori.

4.3. Materials and Methods
Bacterial Strains and growth. Bordetella bronchiseptica strain RB50 and Klebsiella
aerogenes have been previously described [16,17]. B. bronchiseptica was grown and
maintained on Bordet-Gengou (BG, Difco) agar supplemented with 10% defibrinated
sheep’s blood (Hema Resources) and 20 μg/ml streptomycin (Sigma). K. aerogenes was
grown and maintained on Luria-Broth (LB, Difco) agar. For infections with culturegrown bacteria, B. bronchiseptica was grown overnight at 37oC to mid-log phase in
Stainer Scholte liquid broth (SS) and K. aerogenes was grown at 37 oC to mid-log phase
in LB liquid broth. Construction of B. bronchiseptica isogenic O antigen (RB50∆wbm),
T3SS (RB50∆bscN), T6SS (RB50∆clpV), ACT (RB50∆cyaA), FIM (RB50∆fimBCD),
FHA (RB50∆fhaB), PRN ( RB50∆prn), and DNT (RB50∆dnt) mutants have been
described elsewhere [18–23].
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Amoeba strains, growth, and bacterial recovery. D. discoideum strain AX4 has been
previously described [24]. To grow D. discoideum, spores were added in a single drop to
the middle of K. aerogenes or B. bronchiseptica lawns (1x109 CFU/mL) on SM5 plates
and were incubated at room temperature (20oC) for the length of the timecourse. On
indicated timepoints (corresponding to the number of days post-addition of amoeba),
individual sori were picked using a micro-pipette tip, resuspended in PBS, and vortexed.
The presence of K. aerogenes or B. bronchiseptica in sori was determined by dilution
plating on LB or BG plates, respectively.
Amoeba plaque area assay. To determine the size of plaques formed by amoeba
deposited on bacterial lawns, we grew bacterial species in culture (SS for Bordetella
strains and LB for Klebsiella) overnight at 37o C, and then spread 1x109 CFU/mL of each
bacterial strain on SM5 plates. After two days incubation at 37oC, approximately 1x104
amoeba spores were added to each plate in a single droplet and were incubated at room
temperature (20oC) for the length of the timecourse. At indicated timepoints, the areas of
plaques formed by amoeba consumption of bacteria on the plate were determined by
marking the zone of clearance and calculating area using ImageJ software [25].
Lawn and Plaque bacterial enumeration assay. To determine the number of bacteria
persisting in lawns and plaques, amoeba were added to bacterial lawns as described
above. At indicated timepoints, agar plugs (40 mm2) were aseptically removed from
lawns and plaques and were resuspended in PBS via vortexing. Resuspended bacteria
were then enumerated by dilution plating on appropriate media (BG for B. bronchiseptica
and LB for K. aerogenes).
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Amoeba sorus enumeration assay. Amoebae were added to SM5 agar plates with
lawns of K. aerogenes, B. bronchiseptica, or K. aerogenes mixed (1:1) with B.
bronchiseptica and were grown for 21 days. The number of sori grown in a normalized
area (465 mm2) were counted using ImageJ software. All measurements were taken at
the edge of the amoeba plaque at 21 days.
Statistical Analysis. The mean +/- standard error (error bars in figures) was determined
for all appropriate data. Two tailed, unpaired student’s t tests were used to determine
statistical significance between two normally distributed populations. When more than
two groups were analyzed, one- and two-way ANOVA tests were used. Graphpad Prism
version 6.04 was used to conduct these statistical tests and to generate figures.

4.4. Results
Bordetella bronchiseptica blocks amoeba predation.
Amoebae formed initial plaques covering the area in which they were deposited
(approximately 200 mm2) by day 4 on lawns of B. bronchiseptica and K. aerogenes. On
lawns of K. aerogenes, those plaques then expanded across the plate over the following
weeks (Fig. 1A). In contrast, amoeba plaque growth beyond the area of deposition was
inhibited on lawns of B. bronchiseptica. Thus, while D. discoideum can actively
consume both K. aerogenes and B. bronchiseptica and form initial plaques, plaque
expansion requiring amoeba motility appears to be inhibited by B. bronchiseptica. B.
bronchiseptica, but not K. aerogenes, can be recovered from sori (Fig. 1B), suggesting an
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Figure 4-1: B. bronchiseptica inhibits amoeba plaque expansion.
A) Area of amoeba plaque formed on lawns of B. bronchiseptica (blue) and K. aerogenes
(orange) on days 9, 16, and 23 post-addition of amoeba. B) Recovery of B. bronchiseptica (blue)
and K. aerogenes (orange) from D. discoideum sori on days 9, 16, and 23 post-addition of
amoeba to lawns of B. bronchiseptica or K. aerogenes, respectively. ** denotes p value <0.005,
*** denotes p value <0.0005, **** denotes p<0.00005. The grey dotted line indicates the limit of
detection. ND - Not Detected.

inverse correlation between bacterial survival in amoeba sori and amoeba plaque
expansion. Similar to K. aerogenes, neither B. pertussis nor B. parapertussis were
recovered from sori and amoeba plaques efficiently expanded on lawns of each of these
species (D. Taylor and E.T. Harvill, unpublished) suggesting that inhibition of amoeba
plaque expansion is specific to B. bronchiseptica.
Adenylate cyclase toxin is important for inhibition of amoeba plaque growth.
To identify bacterial factors required for B. bronchiseptica inhibition of amoeba
growth, we quantified amoeba expansion on isogenic B. bronchiseptica mutants lacking
the O antigen, Type Three Secretion System (T3SS), Type Six Secretion System (T6SS),
filamentious hemagglutinin (FHA), pertactin (PRN), dermonecratic toxin (DNT), fimbria
(FIM) and adenylate cyclase toxin (ACT). Amoeba expansion was still inhibited in the
absence of the O antigen, T3SS, T6SS, FHA, FIM, PRN, and DNT suggesting that none
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Figure 4-S1: PRN, FHA, and DNT are not involved in amoeba inhibition.
A) Area of amoeba plaque formed by days 4, 10, 17, 24 on lawns of wild-type B. bronchiseptica
(RB50, blue), K. aerogenes (orange), RB50∆FHA (purple), RB50∆DNT (green), or RB50∆PRN
(red).

of these virulence factors contribute to B. bronchiseptica inhibition of amoeba growth
(Fig. S1 and data not shown). Growth of amoebae added to lawns of an ACT-deficient
strain of B. bronchiseptica (RB50∆cyaA) was inhibited during the first two weeks of the
timecourse, but formed amoeba plaques expanded later (from two to four weeks) (Fig.
2A). The resultant amoeba plaques grown on ACT-deficient B. bronchiseptica were
significantly larger than those on wild-type B. bronchiseptica by day 16 (p<0.005) and 20
(p<0.00005) post-addition of amoeba (p.a.), suggesting that ACT contributes to late
inhibition of amoeba plaque growth. In addition, these data imply that another currently
unknown factor is required for inhibition of amoeba plaque growth. Interestingly, sori of
amoeba grown on lawns of RB50 and RB50∆cyaA yielded similarly high levels of
bacteria by days 12 and 20 p.a. (Fig. 2B), while no or very few K. aerogenes were
recovered from sori at these timepoints. Therefore, ACT plays a role in inhibition of
amoeba plaque growth by B. bronchiseptica, but is not required for bacterial survival or
replication in sori.
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Figure 4-2: Adenylate cyclase toxin is important for inhibition of ameoba plaque expansion.
A) Area of amoeba plaque formed on lawns of wild-type B. bronchiseptica (RB50, blue) or on lawns of
ACT-deficient B. bronchiseptica (RB50∆cyaA, purple). ** denotes p<0.005, **** denotes p<0.00005. B)
Recovery of K. aerogenes (orange), wild-type B. bronchiseptica (RB50, blue), and ACT-deficient B.
bronchiseptica (RB50∆cyaA, purple) from D. discoideum sori on days 12 and 20 post-addition of amoeba
to lawns of K. aerogenes, wild-type B. bronchiseptica, and ACT-deficient B. bronchiseptica, respectively.
The grey dotted line indicates the limit of detection.

B. bronchiseptica does not inhibit amoeba predation of other bacteria.
Since ACT and other unknown factor(s) contribute to the ability of B.
bronchiseptica to prevent amoeba plaque expansion, we hypothesized that B.
bronchiseptica may use these mechanisms to prevent D. discoideum plaque growth in the
presence of other bacteria. To investigate whether B. bronchiseptica blocks amoeba
predation in the presence of other bacterial species, amoeba growth on lawns of B.
bronchiseptica and K. aerogenes mixed in a 1:1 ratio was compared to growth on lawns
of B. bronchiseptica or K. aerogenes alone. While amoeba plaque expansion was
inhibited by B. bronchiseptica alone, amoebae added to a mixed lawn of B.
bronchiseptica and K. aerogenes formed a plaque that increased in size to the same
extent as amoebae grown on K. aerogenes alone (Fig. 3A). These data suggest that B.
bronchiseptica does not inhibit amoeba growth in the presence of other bacteria.
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Figure 4-3: B. bronchiseptica does not inhibit amoeba plaque expansion when mixed with K.
aerogenes.
A) Area of amoeba plaque formed on lawns of K. aerogenes (orange), wild-type B.
bronchiseptica (blue), or mixed lawns with K. aerogenes and B. bronchiseptica (orange and
blue). B) B. bronchiseptica or K. aerogenes recovered from lawns when grown alone (blue or
orange, respectively) or when grown together (blue with orange horizontal stripes or orange with
blue vertical stripes, respectively). C) Area of amoeba plaques on days 4 (hatched) and 8 (nonhatched) formed on lawns of 109 CFU/mL B. bronchiseptica alone (blue), 109 CFU/mL B.
bronchiseptica mixed with 105 CFU/mL K. aerogenes (light purple), 109 CFU/mL B.
bronchiseptica mixed with 107 CFU/mL K. aerogenes (dark purple), and 109 CFU/mL K.
aerogenes alone (orange). * denotes p<0.05, ** denotes p<0.005, **** denotes p<0.00005.
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Next, we tested whether plaque expansion on a mixed lawn could be attributed to
lower numbers of B. bronchiseptica surviving over time in the lawn. B. bronchiseptica
and K. aerogenes numbers in lawns were enumerated prior to addition of amoebae (days
1 and 2 in Fig. 3B), with addition of amoeba (day 3 in Fig. 3B) and two days and eleven
days after addition of amoeba (days 5 and 14 in Fig. 3B). While numbers of B.
bronchiseptica and K. aerogenes grown alone were similar over the timecourse, numbers
of B. bronchiseptica recovered from mixed lawns were significantly lower as compared
to numbers of K. aerogenes in mixed lawns by day 1 (p<0.00005) and remained lower on
days 2, 3, 5, and 14 (Fig. 3B). Bacterial numbers were determined in the area where
amoebae spores had been added and the plaque was forming one and three days postaddition of amoeba (days 3 and 5 of the experiment, respectively). Once again, similar
numbers of B. bronchiseptica and K. aerogenes were recovered from the plaque area
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Figure 4-S2: Bacterial competition causes decreased recovery of B. bronchiseptica in the area
where the plaque is forming after addition of amoebae.
B. bronchiseptica or K. aerogenes recovered from plaques (area of lawn where amoeba have been
added) when grown alone (blue or orange, respectively) or when grown together (blue with orange
horizontal stripes or orange with blue vertical stripes, respectively). ** denotes p<0.005, ***
denotes p<0.0005, **** denotes p<0.00005.
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when grown alone and fewer B. bronchiseptica were recovered as compared to
K.aerogenes when grown as a mixed lawn (day 3 p<0.00005; day 5 p<0.005) (Fig. S2).
Therefore, due to bacterial competition, fewer B. bronchiseptica were recovered from
mixed lawns and plaques when B. bronchiseptica and K. aerogenes were added in a 1:1
ratio.
We next hypothesized that B. bronchiseptica does not inhibit amoeba growth on
mixed lawns because it is present at lower levels as compared to K. aerogenes. To test
whether B. bronchiseptica inhibition of amoeba predation is concentration dependent,
amoebae were grown on B. bronchiseptica alone, K. aerogenes alone, or on mixed lawns
of B. bronchiseptica and varying concentrations of K. aerogenes (109 CFU/mL B.b. : 107
CFU/mL K.a. and 109 CFU/mL B.b. : 105 CFU/mL K.a.). Amoebae deposited on K.
aerogenes formed plaques that expanded as expected, and plaques of amoeba grown on
mixed lawns containing 107 CFU and 105 CFU K. aerogenes as compared to 109 CFU B.
bronchiseptica were still able to grow by day 8 p.a. (p<0.00005) (Fig. 3C). Moreover,
plaque growth was dependent on the ratio of B. bronchiseptica to K. aerogenes as it
increased with the relative concentration of K. aerogenes. Therefore, even when B.
bronchiseptica numbers far outnumbered K. aerogenes (100:1 and 10,000:1), amoeba
plaques were able to grow. These results suggest that amoebae can circumvent the B.
bronchiseptica mechanism of inhibition when even low numbers of another bacterial
species are present.
B. bronchiseptica alters growth of amoeba in the presence of other bacteria.
While the presence of B. bronchiseptica did not prevent amoeba predation and
plaque expansion on other bacteria present in a mixed lawn (Fig. 3A), the pattern of
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Figure 4-4: Presence of B. bronchiseptica alters growth of amoeba on mixed lawns.
A) D. discoideum growth on lawns of 1x109 CFU/mL B. bronchiseptica mixed with 1x109
CFU/mL K. aerogenes (left) versus growth on 1x109 CFU/mL K. aerogenes alone (right). The
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of B. bronchiseptica (blue), K. aerogenes (orange), or mixed lawns of B. bronchiseptica and K.
aerogenes (orange with blue vertical stripes). ** denotes p<0.005.
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growth of amoeba on the mixed lawn differed phenotypically from that of amoeba grown
on K. aerogenes alone. By day 21 p.a., the amoeba plaque grown on K. aerogenes alone
took over the plate and was filled with a homogenous lawn of amoeba fruiting bodies
(Fig. 4A). While the amoeba plaque grown on the mixed lawn of B. bronchiseptica and
K. aerogenes expanded to the same degree by day 21, the fruiting bodies in the plaque
area were far fewer in number, were distributed in a non-homogenous pattern, and
appeared to be larger than those grown on lawns of K. aerogenes alone (Fig. 4A). To
quantitatively determine the effect that B. bronchiseptica has amoebae growing in the
mixed lawn, sori formed in a normalized area (465 mm2) were enumerated from each
group on day 21. Amoebae grown on B. bronchiseptica formed significantly fewer sori
(p<0.005) than on lawns of K. aerogenes (Fig. 4B). Interestingly, significantly fewer sori
were also enumerated on mixed lawns of B. bronchiseptica and K. aerogenes as
compared to those grown on K. aerogenes alone, suggesting that the presence of B.
bronchiseptica in the mixed lawn causes decreased amoeba fruiting body production
(Fig. 4B). These results suggest that B. bronchiseptica cannot inhibit expansion of, but is
still harmful to, amoebae in the presence of other bacterial species.
Presence of amoebae provides selective advantage for B. bronchiseptica.
Plaques formed by amoebae inoculated atop a lawn of K. aerogenes were able to
rapidly expand and form mature fruiting bodies with sori containing few or no bacteria
(Fig. 1A). In contrast, amoebae deposited on B. bronchiseptica lawns did not expand
beyond the site of inoculation and sori contained large numbers of bacteria (Fig. 1A),
suggesting a negative correlation of bacterial recovery with amoeba plaque growth. To
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Figure 4-5: B. bronchiseptica can be recovered from sori of amoeba grown on mixed lawns of B.
bronchiseptica and K. aerogenes.
B. bronchiseptica or K. aerogenes recovered from sori of amoeba when grown on B.
bronchiseptica or K. aerogenes alone (blue or orange, respectively) or when grown together (blue
with orange horizontal stripes or orange with blue vertical stripes, respectively). ND-None
detected.

determine whether B. bronchiseptica can still be recovered from sori of amoeba grown on
mixed lawns of B. bronchiseptica and K. aerogenes, amoeba were added to lawns of B.
bronchiseptica alone, K. aerogenes alone, or mixed lawns (1:1) of B. bronchiseptica and
K. aerogenes, and bacteria recovered from fruiting bodies on day 14 p.a. were
enumerated. Similar numbers of B. bronchiseptica were recovered from sori of amoebae
grown on B. bronchiseptica alone or on mixed B. bronchiseptica and K. aerogenes lawns.
Thus, expansion of the amoeba plaque on the mixed lawn of K. aerogenes and B.
bronchiseptica did not affect recovery of B. bronchiseptica from sori (Fig. 5A). Also, K.
aerogenes were still recovered at either low levels or were not recovered from sori grown
on mixed lawns, suggesting that B. bronchiseptica is at a selective advantage as
compared to other bacterial species in the presence of amoeba due to its ability to survive
amoeba predation and persist in sori.
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4.5. Discussion
Amoebae are eukaryotic bacterivores that are ubiquitous in nature and play an
important role in maintaining the balance of bacterial populations in soil [26]. Several
bacterial species, including L. pneumophila, M. tuberculosis, F. tularensis, and E. coli
have been documented as being able to survive amoeba predation and are thought to use
amoeba trophozoites for shelter and as transmission vectors to the next host. While B.
bronchiseptica but not K. aerogenes is recovered from sori, amoeba plaque expansion
was inhibited on lawns of B. bronchiseptica but not on lawns of K. aerogenes. Hence
there appears to be a negative correlation between bacterial recovery from sori and
amoeba growth on the plate; with high bacterial recovery from sori (B. bronchiseptica),
amoeba movement outwards on bacterial lawns was inhibited. In contrast, when few or
no bacteria were recovered from sori (K. aerogenes), the plaque formed by amoebae
consuming bacteria expanded across the plate. This initial finding suggested that the
ability of bacteria to survive in sori requires prevention of continued amoeba predation
characterized by inhibition of amoeba growth outward on the plate. However, since B.
bronchiseptica could still be recovered from sori of amoeba that had been added to and
were expanding on mixed lawns of B. bronchiseptica and K. aerogenes, plaque inhibition
is not required for bacterial recovery from sori. Rather, plaque inhibition may be a
“primary response” of B. bronchiseptica to prevent continued amoeba predation on the
lawn, while survival in sori is an unlinked evolved “secondary response” that enables
survival of phagocytized bacteria in amoeba sori.
To determine whether any known Bordetellae virulence factors contribute to

123

inhibition of amoeba plaque expansion, we grew amoeba on isogenic B. bronchiseptica
mutants lacking the O antigen, T3SS, T6SS, FHA, DNT, ACT, PRN, and FIM. Only
adenylate cyclase toxin (ACT) was important for prevention of amoeba plaque
expansion. ACT is a secreted, calmodulin sensitive, catalytic protein from the family of
calcium-dependent, pore forming repeats in toxin (RTX) toxins [28,29]. During murine
infection, ACT has been shown to play an anti-phagocytic and anti-inflammatory role
[30]. ACT is injected into a variety of eukaryotic cell types and, once inside, catalyzes
increased concentrations of cAMP production in a calmodulin-dependent manner [15].
Because aggregation and inter-cell signaling during the amoeba lifecycle is dependent on
cAMP [31,32], we hypothesized that adenylate cyclase toxin may be involved in
interactions between B. bronchiseptica and amoebae. While ACT is important for
inhibition of amoeba growth (Fig. 2A), this toxin contributes to inhibition of plaque
growth later during the timecourse. Thus, some other currently unknown B.
bronchiseptica factor(s) are required for inhibition of amoeba migration early. The
importance of ACT for B. bronchiseptica-amoebae interactions contradicts our current
understanding of Bvg-regulon function. Under laboratory conditions, temperature is a
known modulator of the Bordetella Bvg regulon, and bacteria moved to room
temperature switch to the Bvg-‐ phase [15]. While ACT has been documented as being
expressed in the Bvg+ phase, here we show that it is important for inhibition of amoeba
plaque expansion in Bvg-‐ conditions (room temperature). These data suggest that our
current model of Bvg regulon function is too simplistic and must be expanded to include
regulon response during interactions with amoeba.
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Amoeba growth was inhibited by B. bronchiseptica, but amoebae were able to
grow when added to mixed lawns of B. bronchiseptica and K. aerogenes, suggesting that
B. bronchiseptica cannot inhibit amoeba predation in the presence of another bacterial
species. However, the pattern of growth looked phenotypically different with a patchy
distribution of fruiting bodies on mixed lawns after approximately 2 weeks p.a. (Fig. 4A).
B. bronchiseptica therefore does not inhibit amoeba plaque expansion in the presence of
K. aerogenes, but does alter formation of resultant fruiting bodies in the amoeba plaque
(Fig. 4B). Since fruiting body growth alteration becomes evident at around the same time
that ACT is utilized for B. bronchiseptica inhibition of amoeba growth (Fig. 4B, Fig.
2A), we conjecture that ACT is responsible for eliciting altered growth patterns of
fruiting body formation on mixed lawns of B. bronchiseptica and K. aerogenes.
B. bronchiseptica inhibition of amoeba plaque expansion is an incredible
phenomenon. While L. pneumophila, M. tuberculosis, Escherichia coli, Pseudomonas
aeruginosa, and Vibrio cholerae have all been shown to survive in D. discoideum, their
survival has solely been characterized in cell culture and all species listed above prevent
amoeba differentiation into fruiting bodies [12,13,33,34]. In fact, so many bacterial
species inhibit amoeba predation that a plaque assay is now commonly used to test
pathogenicity of bacterial isogenic mutants as compared to their respective wild-type
strains; if D. discoideum added to the lawns of bacterial mutants is able to form a plaque,
that gene is thus determined to be required for virulence [35,36]. While most bacterial
species that are able to survive amoeba predation prevent amoeba plaque formation
[35,37–39], aggregation [7], or final fruiting body formation [7], amoebae grown on
lawns of B. bronchiseptica are able to form mature fruiting bodies and B. bronchiseptica
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can be recovered from sori of those fruiting bodies (Fig. 1A, 1B). As we have shown
here, B. bronchiseptica uses ACT and other currently unidentified factor(s) to prevent
outward expansion of the amoeba plaque (Fig. 2). Importantly, we determined that
amoeba plaques can expand on mixed lawns of B. bronchiseptica and K. aerogenes, and
B. bronchiseptica can still be recovered from amoeba sori grown on those mixed lawns
(Fig. 3, Fig. 5). We therefore hypothesize that B. bronchiseptica can still be recovered
from sori of amoeba feeding on mixed bacterial populations present in nature. Further
research elucidating the complex dynamics of B. bronchiseptica–amoebic interactions
will be crucial for our understanding of bacterial specialization, pathogenesis, ecology
and evolution.
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Chapter 5

Summary and Significance.
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5.1. Synopsis

The bordetellae are opportunistic respiratory pathogens that use a variety of
mechanisms to modulate or evade the host immune response to establish infection. Here
we identify a novel ability of B. bronchiseptica to survive intracellularly during infection.
We show that both adaptive immune components of the host and the bacterial Type Six
Secretion System (T6SS) limit B. bronchiseptica to the respiratory tract via prevention of
long-term intracellular survival. Despite decades of research, an environmental reservoir
has not been found for the Bordetellae. Here, we identify amoebae as a potential
environmental niche, and show that the enigmatic Bvg-‐ phase is important for B.
bronchiseptica survival in this host. By investigating amoebic - B. bronchiseptica
interactions in more detail, we see that this host-pathogen relationship is more complex
than those already established in the D. discoideum literature. Further research into the
mechanisms for B. bronchiseptica survival in amoebae is required and will contribute
broadly to the fields of evolution, pathogenesis, and host-pathogen interactions.

5.2. Type Six Secretion System and Adaptive Immune Components Limit
Intracellular Survival during Infection.

5.2A. Summary and Implications
Despite the importance of the B. bronchiseptica T6SS in establishing initial
colonization, cytokine modulation, pathology, and persistence in vivo, a recent analysis of
B. bronchiseptica strains has shown that 29% of the human-isolated Complex IV B.
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bronchiseptica have lost their T6SS (Figure 2.1A). Since human B. bronchiseptica
infections occur mainly in immunocompromised patients, we inoculated
immunodeficient mice (Rag1-/-) with wild-type B. bronchiseptica or an isogenic B.
bronchiseptica mutant lacking the T6SS (∆T6SS). We determined that the T6SSdeficient mutant causes a hypervirulent infection in these mice that was characterized by
early host lethality and high bacterial numbers in systemic organs. Histological analyses
and cytokine ELISAs showed that both lungs and systemic organs exhibited higher levels
of inflammation and pathology when infected with the T6SS-mutant, suggesting that the
T6SS modulates inflammation and pathology during infection of immunocompromised
hosts (Figure 2.3A,B,C). To assess whether a heightened inflammatory response enabled
bacterial escape to systemic organs, we co-inoculated immunodeficient mice with wildtype and ∆T6SS strains of B. bronchiseptica and determined that increased inflammation
caused by the ∆T6SS strain was not sufficient to enable systemic escape of the wild-type
strain (Figure 2.3A,B). Higher numbers of the T6SS-deficient mutant survived
intracellularly as compared to wild-type B. bronchiseptica (Figure 2.4A) and we showed
that cells infected with the wild-type strain were dying at significantly higher levels than
cells infected with the ∆T6SS strain. This suggests that wild-type B. bronchiseptica kills
host cells in a T6SS-dependent manner, thereby preventing its own long-term
intracellular survival (Figure 2.4B). In addition, we determined that both the T6SS and
adaptive immune components limit intracellular survival in vivo. Overall, our data
suggest that the loss of the T6SS may augment B. bronchiseptica persistence in
immunocompromised hosts.
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Until recently, B. bronchiseptica was thought to be a solely extracellular
pathogen. The ability of B. bronchiseptica to survive intracellularly during infection,
compounded with the self-limiting role of the T6SS to prevent long-term intracellular
survival, suggests that B. bronchiseptica pathogenicity is far more complex than
previously thought. Additionally, the surprisingly large proportion of human-associated
B. bronchiseptica isolates missing a T6SS locus (Figure 2.1) suggests that clinical strains
may be utilizing the intracellular niche for survival during human infections.

5.2B. Future Directions
We now know that both an isogenic T6SS-deficient B. bronchiseptica strain and a
human isolate naturally missing the T6SS (D445) are able to survive intracellularly in
vitro and can persist in systemic organs of immunodeficient mice in vivo. Important
future work will determine which of the immune cells that are recruited to the site of
infection are involved in housing and trafficking B. bronchiseptica to systemic organs.
Additionally, identifying which adaptive immune components are responsible for limiting
B. bronchiseptica intracellular survival could contribute to the design of future therapies
for respiratory disease caused by these organisms. A T3SS-deficient B. bronchiseptica
mutant has also been shown to cause hyperlethality of immunodeficient mice [1], and
further work identifying synergistic versus independent functions of these two secretion
systems will shed light on B. bronchiseptica mechanisms of pathogenesis. Applying a
selective pressure, for example with antibiotic treatments of mice inoculated with T6SSdeficient or wild-type B. bronchiseptica, will help to elucidate whether the ability to
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survive intracellularly in vivo enables avoidance of antimicrobial factors and contributes
to bacterial persistence during infection.
While murine studies evaluating Bordetella species’ ability to survive
intracellularly during infection are important, further investigation is required to
determine whether B. bronchiseptica uses the intracellular niche for survival during
human infections. Anecdotal evidence exists suggesting that B. bronchiseptica and B.
pertussis can be recovered intracellularly from immunodeficient AIDs patients [2,3], but
epidemiological studies are required to better characterize this novel mechanism of
Bordetella persistence in vivo.

5.3. Bvg-‐ Phase allows Bordetella bronchiseptica to survive and grow in
Dictyostelium discoideum

5.3A. Summary and Implications
So far, the bordetellae have only been recovered from mammalian hosts and no
environmental niche has been identified for this respiratory pathogen. Since B.
bronchiseptica is able to survive intracellularly in immune cells during infection (Chapter
2) and several important intracellular pathogens are able to survive in amoeba cells, we
used a cell culture system to determine whether B. bronchiseptica can survive in
amoebae. Using this system, we identified the common soil amoeba Dictyostelium
discoideum as a potential environmental niche for Bordetella by showing that B.
bronchiseptica is able to survive amoeba predation and persist in amoeba cells. In
contrast, Klebsiella aerogenes was unable to survive amoeba predation and merely serves
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as a food source (Figure 3.1). When we added amoebae to lawns of B. bronchiseptica or
K. aerogenes grown on nutrient agar plates, we were able to recover B. bronchiseptica
but not K. aerogenes from resultant sori (Figure 3.2). Further, B. bronchiseptica numbers
in sori increased over time suggesting that amoebae can act as replication vectors for B.
bronchiseptica (Figure 3.2). Fewer amoeba spores were recovered from fruiting bodies
carrying B. bronchiseptica than those carrying K. aerogenes over time, suggesting that B.
bronchiseptica is harmful to its amoeba host (Figure 3.3). Other important human
pathogens have been shown to survive amoeba predation, but these studies have all been
conducted in cell culture and these bacterial species have all been shown to prevent
amoeba differentiation into multi-cellular fruiting bodies on a plate [4–7]. B.
bronchiseptica is the first bacterial species that appears to enable amoeba development
into mature fruiting bodies, can be recovered from sori, lowers numbers of amoeba
spores in sori, and has the ability to hijack amoeba as a transmission vector for
geographical dissemination and/or passage to a mammalian host. Since bordetellae are
important respiratory pathogens, their potential ability to utilize airborne dissemination
pathways could be of great significance. After all, this ability could provide long-term
environmental protection and serve as a means of transmission for the bordetellae from
one mammalian host to the next.
Since the Bvg regulon was first identified in Bordetella, researchers have tried to
identify a role for the Bvg-‐ phase; while the Bvg+ phase has been shown as necessary and
sufficient for infection of a wide variety of mammals [8–10], no known role for the Bvg-‐
phase has been identified and many have hypothesized that this phase is therefore
required for environmental survival or for transmission from one host to another. Using
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phase-locked B. bronchiseptica strains, we determined that the Bvg-‐ phase is important
for survival and replication in amoeba sori (Figure 3.5A). Future studies should identify
novel Bvg-‐ phase genes required for survival in amoebae and will investigate their
individual contributions to these complex interactions.
By passaging B. bronchiseptica-containing sori onto “food” lawns and
enumerating B. bronchiseptica recovery from resultant fruiting bodies, we showed that B.
bronchiseptica forms a stable association with amoebae such that it can be vertically
transmitted from sori to sori. Amoeba can thus serve as a stable, long-term
environmental niche for Bordetella. Additionally, by exposing B. bronchisepticacontaining sori to flies, we showed that B. bronchiseptica can be transferred to a new
location via a transmission vector while persisting in amoebae. Lastly, we showed that B.
bronchiseptica recovered from amoeba sori were able to efficiently infect mice. Overall,
these data suggest that amoeba sori can act as environmental reservoirs, replication
mediums, and transmission vectors for B. bronchiseptica.

5.3B. Future Directions
We have shown herein that D. discoideum may represent an environmental
reservoir for B. bronchiseptica, and that the enigmatic Bvg-‐ phase is important for B.
bronchiseptica survival in amoebae. One crucial future direction will be attempting to
isolate Bordetella from amoebae in nature. Though some groups are currently
conducting this approach [11–13], a more targeted approach attempting to isolate
Bordetella from areas with high numbers of infected mammals (i.e. near pig troughs, dog
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kennels, etc.) may prove fruitful. Future work investigating B. bronchiseptica survival in
amphizoic amoeba, including Hartmanella and Acanthamoeba species, will also be
crucial for our understanding of the clinical implications of Bordetella persistence in
amoebae. Our work highlighting the importance of the Bvg-‐ phase has been conducted
using phase-locked mutants; an important future direction will be analyzing the
transcriptome of B. bronchiseptica both in trophozoites and sori of amoeba to determine
the Bvg status of B. bronchiseptica during bacterial-amoebic interactions. Other studies
have conducted microarray analyses to determine which Bvg-‐ phase genes are induced
under laboratory modulating conditions. However, the use of a system where the Bvg-‐
phase is naturally induced will be critical to determine novel environmental-survival
genes and for better characterizing this enigmatic phase. Lastly, this is a unique example
of a bacterial species that is able to survive in sori and forms a harmful relationship with
its amoeba host. Understanding how B. bronchiseptica hijacks sori and lowers amoeba
spore numbers over time while replicating in this environmental niche will contribute to
our understanding of bacterial mechanisms of pathogenesis outside of the mammalian
host.

5.4. Bordetella bronchiseptica Alters Growth of Dictyostelium discoideum

5.4A. Summary and Implications
In this study, we further examine the dynamics of B. bronchiseptica-amoeba
interactions. We determined that after initial formation, the size of amoeba plaques does
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not increase on lawns of B. bronchiseptica, indicating that the amoebae cannot consume
the dense surrounding bacteria. In contrast, amoeba plaques expand on lawns of K.
aerogenes until they have covered the entire plate (Figure 4.1). To determine whether B.
bronchiseptica uses an active or passive mechanism to prevent amoeba expansion, D.
discoideum spores were added to lawns of isogenic B. bronchiseptica virulence factor
mutants. Adenylate cyclase toxin (ACT) was identified as important for inhibition of
amoeba plaque expansion but not required for survival in amoeba sori (Figure 4.2). Since
ACT disrupts cellular processes by altering levels of cAMP and amoebae utilize cAMP
as a chemoattractant for aggregation and cell signaling during development [14,15], B.
bronchiseptica may inhibit amoeba plaque expansion by altering levels of cAMP in an
ACT-dependent manner. Also, the importance of ACT for inhibition of plaque expansion
but not survival in amoeba sori indicates that B. bronchiseptica-amoeba interactions on
the plate differ from interactions in fruiting bodies and highlights the overall complexity
of the system. Importantly, the contribution of ACT (a virulence factor characterized as
being expressed in the Bvg+ phase) to inhibition of plaque expansion under Bvg-‐
conditions suggests that our understanding of Bvg function needs to be re-evaluated.
In nature, B. bronchiseptica likely encounters amoebae while in the presence of
other bacterial species. We therefore tested the ability of B. bronchiseptica to inhibit
amoeba plaque expansion (and therefore consumption of surrounding bacteria) when
mixed with other bacterial species. Interestingly, amoeba plaques expanded on lawns of
B. bronchiseptica mixed with K. aerogenes, even when very low ratios of K. aerogenes
were added relative to B. bronchiseptica (Figure 4.3). These results suggest that B.
bronchiseptica turns off its mechanism for inhibition in the presence of other bacterial
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species or, more likely, that D. discoideum circumvents the mechanism of B.
bronchiseptica inhibition in the presence of other bacteria. B. bronchiseptica was still
recovered from sori of amoeba grown on mixed bacterial lawns (Figure 4.5), indicating
that in a mixed lawn, amoebae are able to consume neighboring bacteria and B.
bronchiseptica maintains its ability to be recovered from sori. During amoeba predation
of a mixed bacterial lawn, B. bronchiseptica thus has a selective advantage due to its
evolved ability to survive in sori. In the environment, inhibition of amoeba expansion
may have severely limited B. bronchiseptica environmental persistence and
dissemination to new geographical sources or hosts. However, the ability of B.
bronchiseptica to survive in sori of amoebae as they efficiently predate other co-existing
bacterial species ensures a more permanent and promising environmental niche for B.
bronchiseptica.

5.4B. Future Directions
B. bronchiseptica-amoeba interactions, including inhibition of amoeba expansion
and pathogenic survival of B. bronchiseptica in amoeba sori, are complex and novel for
both the Bordetella and D. discoideum fields. Future work investigating bacterialamoebic interactions will focus on the transcriptional response of B. bronchiseptica to
amoeba cells in culture, with the expectation that novel amoeba-response genes will be
identified. Additionally, we will investigate how the B. bronchiseptica transcriptional
response to amoeba is altered in the presence of other bacterial species. This way, we
will determine whether the presence of other bacterial species causes B. bronchiseptica to
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downregulate genes involved in amoeba plaque growth inhibition. We will also
investigate whether B. bronchiseptica, like Salmonella enterica [4], prohibits amoeba
plaque expansion by modulating expression of genes required for amoeba cell
aggregation.
Since other amoeba-resistant bacteria (for example, Legionella pneumophila)
inhibit amoeba differentiation into fruiting bodies, other future experiments will involve
mixing B. bronchiseptica with one of these bacterial species to determine whether
fruiting bodies are prevented from forming. If mature fruiting bodies do form in the
presence of B. bronchiseptica and the other bacterial species, it will be interesting to
determine whether the second species can be recovered from sori. Since these bacteria
are present in mixed populations in nature, studying their interactions and combined
effects on amoeba will prove important for furthering our understanding of bacterialamoebic interactions.
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Appendix A
T cells or B cells are sufficient to clear systemic RB50∆clpV infection but both are
required to limit RB50∆clpV respiratory tract colonization.
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Appendix A. B cell deficient (μMT, square pattern), T cell deficient (TCRβδ, hatched pattern),
and T and B cell deficient (Rag1-/-, clear bars) mice were inoculated with 5x105 CFU of T6SSdeficient B. bronchiseptica (RB50∆clpV) and bacterial numbers recovered from the nasal cavity,
lung, spleen, and liver were determined on day 21 post-infection. These data indicate that T cells
alone or B cells alone are sufficient to limit RB50∆clpV numbers in the spleen and liver, but both
are required to efficiently lower RB50∆clpV numbers in the lungs.
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Appendix B
Antibodies are sufficient to clear RB50∆clpV from systemic organs but not the
respiratory tract.

Adoptive Transfer + RB50∆clpV
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Appendix B. We performed an adoptive transfer experiment by collecting convalescent phase
serum from C57Bl/6 mice that had previously been inoculated with RB50∆clpV, injecting Rag1-/mice intraperitoneally (i.p.) with serum, and immediately inoculating those mice with 5x105 CFU
RB50∆clpV (horizontal lined bars). Control mice were i.p. injected with PBS followed by
inoculation with RB50∆clpV (clear bars). Bacterial numbers recovered from the nasal cavity,
lung, spleen, and liver were determined on day 21 post-infection. RB50∆clpV-specific antibodies
are sufficient to significantly lower RB50∆clpV numbers in systemic organs (spleen and liver)
and in the lungs, but had no effect on RB50∆clpV numbers in the nasal cavity by day 21.
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Appendix C
Presence of host microbiota limits B. pertussis nasal cavity colonization.
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Appendix C. Specific Pathogen Free (SPF, orange) and Germ Free gnotobiotic (GF, blue) mice
were inoculated with 5x105 CFU of B. pertussis and bacterial numbers in the nasal cavity were
determined on days 1, 3, 7, and 14 p.i. Significantly higher numbers of B. pertussis were
recovered from nasal cavities of GF mice by day 7 p.i., suggesting that the presence of host
microbiota inhibits B. pertussis colonization.
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