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ABSTRACT 

 

Bordetella species are respiratory pathogens that are important in both human and 

veterinary medicine, with the ability to infect and transmit amongst and between multiple 

mammalian hosts. Causing millions of infections worldwide each year, current Bordetella 

research is focused on understanding and preventing transmission between susceptible 

individuals. It has long been thought that Bordetella species are only capable of transmitting 

from host to host via the direct transmission of aerosol droplets. However, recent studies have 

shown the capability of Bordetella bronchiseptica to survive intracellularly within the amoeba 

species Dictyostellium discoideum. These studies indicate that amoeba may represent an 

environmental reservoir for Bordetella, as a mode of extracellular survival permitting 

transmission. In the first chapter of this thesis, we show that not just B. bronchiseptica, but other 

species of Bordetella, including both classical and non-classical species, are also capable of this 

complex interaction with amoeba. Additionally, to better understand the classical direct process 

of transmission between live hosts, we developed conditions to study B. bronchispetica 

transmission between mice. The second chapter of this thesis aims to determine the virulence 

factors necessary for colonization, shedding, and transmission of B. bronchiseptica from infected 

hosts to exposed mice. In this chapter, we show that capsule gene is required for the transmission 

of B.bronchiseptica in mice. From this study, we can highlight more effective vaccine targets for 

both humans and animals, and overall shed light on ways to help limit the spread of Bordetella 

from host to host.  
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Background 

Bordetella are gram-negative coccobacilli bacteria capable of causing respiratory 

infections in humans and other mammals. The most commonly studied species are the classical 

Bordetella species: Bordetellae pertussis, Bordetella parapertussis, and Bordetella 

bronchiseptica.  Important pathogens relevant to both human and veterinary medicine, B. 

pertussis is the causative agent of whooping cough in humans while B. bronchiseptica causes 

kennel cough in dogs and atrophic rhinitis in swine.   

Within human populations, B. pertussis infections cause an estimated 294,000 deaths 

worldwide each year (Paddock et al., 2008). Most deaths occur primarily among young children, 

with infants being the most susceptible to infection. B. pertussis can cause life-threating 

complications in these children, such as dehydration, anorexia, apnea, pneumonia, seizures, and 

even death in severe cases (Centers for Disease Control and Prevention, 2015). Bordetellae 

colonize ciliated cells of the respiratory mucosa, particularly in the trachea and bronchi (Finger 

and Von Koenig, 1996). The clinical manifestation of whooping cough is rather extensive, with 

symptoms often persisting for months. After a 1 to 2 week incubation period, the disease begins 

with the catarrhal phase, characterized by symptoms of low-grade fever, progressive cough, and 

nasal discharge (Centers for Disease Control and Prevention, 2015).  The disease then progresses 

to the paroxysmal stage, depicted by the pathognomonic inspiratory “whoop” followed by 

uncontrollable coughing fits. Paroxysms are often violent and long lasting, leading to vomiting 

and cyanosis. This stage can persist for 2-6 weeks or longer. The third stage, or the convalescent 
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stage, is characterized by gradual recovery and lessening severity of paroxysms (Centers for 

Disease Control and Prevention, 2015).  Importantly, the insidious nature of whooping cough 

adds to the severity of the disease. Specifically, B. pertussis is capable of asymptomatic 

transmission during the clinical manifestation’s incubation period, as well as at any point 

between asymptomatic carriers of the disease (Althouse and Scarpino, 2015). 

Fortunately, a vaccine does exist for B. pertussis. However, despite sound vaccination 

programs (and thus high vaccine coverage) , a recent resurgence of yearly Bordetella infections 

has been observed in the United States, Australia, and other developed countries. Most notably, 

in 2012, the United States reported more diagnosed B. pertussis cases than in any year since the 

introduction of the Bordetella vaccine in 1955 (Althouse and Scarpino, 2015). B. pertussis has 

since has adapted to evade the immune systems of vaccinated populations to both infect and 

transmit between individuals. The first whooping cough vaccines, whole-cell vaccines (WCV), 

were the first to be used in the 1950’s. However, due to intense adverse reactions in babies and 

children, the WCV was replaced by acellular vaccines (ACV) in the 1980s and has since 

continued to be used in developed countries (Lam et al., 2014). The current ACV vaccine targets 

only a few critical B. pertussis antigens, and the majority of ACV formulations target the 

following virulence factors: pertussis toxin (ptx), pertactin (prn), and filamentous hemagglutinin 

(fha) (Centers for Disease Control and Prevention, 2015).  Shockingly, recent studies have 

reported increasing isolation of B. petussis lacking expression of pertussis toxin and pertactin, 

leading to speculation of genotypic adaptation and resistance to the current vaccine (Bouchez et 

al,. 2009)(Otsuka et al., 2012). These reports, along with the increasing incidence rates have 

called for a more thorough investigation of the mechanisms behind Bordetella spp. transmission, 

particularly the effectiveness of current vaccines.   
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Mouse Model of Bordetella Transmission 

The success of B. pertussis as a human pathogen (and the recent re-emergence of the 

disease) has lead to the increasing interest in the study of underlying mechanisms of infection 

and transmission with in vivo models. Although the baboon model most closely mimics human 

infection by B. pertussis and therefore successfully models whooping cough, it is costly to 

maintain and raises ethical concerns (Warfel et al,. 2012).  B. bronchiseptica is naturally capable 

of naturally infecting a variety of mammalian hosts including swine, which has also been a 

useful model to study Bordetella transmission (Nicholson et al,. 2012). Despite this, both swine 

and baboons lack the immunological potential of transgenic mice, as well as the low cost and 

maintenance of the mouse model. Previously, our lab has established an experimental model in 

which to study transmission in mice (Smallridge et al,. 2014). Furthermore, B. bronchiseptica 

and B. pertussis genes are highly conserved, including but not limited to the factors pertactin 

(prn) and filamentous hemagluttinin (fha). This high rate of conservation allows for an efficient 

means to identify genetic candidates in B. bronchiseptica for further study in the more costly 

primate systems with B. pertussis. 

 

Bordetella’s Interaction with Dictyostelium discoideum 

Until recently, the prominent consensus is that Bordetella species are only capable of 

transmitting from host to host via the direct transmission of aerosol droplets. However, the 

discovery of intracellular survival of Bordetella spp. in human macrophages, and thus their 

avoidance of phagocytosis, suggests that Bordetella spp. may also be capable of surviving 

intracellularly within other eukaryotic cells (Lamberti et al., 2010). B. bronchiseptica is also 



4 

believed to survive in the environment via the up-regulation of genes that increase motility and 

the ability to survive nutrient deprivation. (Bendor et al,. 2016). Despite this, an environmental 

reservoir for Bordetella remains only speculative. 

Dictyostelium discoideum is a soil-dwelling amoeba that feeds primarily on bacteria. 

They are most commonly found in the leaf litter of tropical to temperate forests, where bacterial 

food sources are plentiful. (Swanson et al,. 1999). D. discoideum has been used as a model 

organism for the past 50 years, particularly for the understanding of cellular motility, signaling 

and interaction (Eichinger et al,. 2005). Its asexual life cycle is unique, consisting of single and 

multicellular stages determined by availability of food sources. When food resources (bacteria) 

are plentiful, D. discoideum survives as single-celled trophozoites. During times of 

environmental stress, these amoeba are capable of aggregating together to first form a multi-

cellular slug. Ultimately, the aggregation results in a fruiting body, consisting of a stalk and 

spore-containing sori. These sori can then become dislodged and dispersed with the goal of 

spreading to new food sources (Bendor et al., 2016). 

Although many bacteria are simply food sources for amoeba such as D. discoideum, 

some other bacterial species such as B. bronchiseptica have previously been shown to be capable 

of avoiding predation by these amoeba and surviving intracellularly within the sori. Furthermore, 

B. bronchiseptica does not only survive amoebic predation, but can propagate within the sori of 

D. discoideum, transferring it to new locations. B. brochiseptica present in sori are also capable 

of geographical spread by flies, and bacteria persisting in amoeba are able to effectively infect 

lab mice, indicating that amoeba may be a potential environmental reservoir and ultimately an 

important vector in transmission (Bendor et al,. 2016). 
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Preface 

This thesis aims to investigate transmission dynamics of classical and non-classical 

Bordetella species, particularly B. bronchiseptica, to better understand how to disrupt 

transmission and prevent the spread of illness. In the first chapter of this thesis, we observed the 

interaction of classical and non-classical strains of Bordetella with D. discoideum to explore a 

potentially novel mode of transmission through the use of an environmental reservoir.  In the 

second chapter of this thesis, we examine the role of key virulence factor genes in shedding, 

colonization, and transmission from infected mice to naïve mice. 
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Chapter 1: Classical and Non-Classical Bordetella species are capable of 

interacting with D. discoideum 
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Materials and Methods 

The goal of the following experiments was to gain understanding of the strategies that 

bordetellae use to survive in the environment and transmit by examining the interactions of 

classical and non-classical Bordetella species with D. discoideum. Comparable genes between 

these species will be used to examine the genes responsible for avoiding predation by amoeba. 

 

Inoculation and Growth of D. discoideum  

Strains of bordetellae (Table 1) were grown in Luria Bertani (LB) broth until reaching 

mid-log phase, with an approximate concentration of 1x109 CFU/ml. From these cultures, lawns 

were grown on standard SM5 media at 37C for 48 hours. Lawns of Klebsiella aerogenes were 

also made on standard SM5 media, and acted as a control for the experiment. To grow D. 

discoideum, the bacterial lawns were inoculated with approximately 1x104 PFU/mL spores 

previously collected from sori and incubated at 20C for the length of the time course. Plaque 

growth of D. discoideum on the bacterial lawns was monitored at time points on days 4, 9, 16, 

and 23 post-inoculation. Plaque expansion of D. discoideum on the bacterial lawns was measured 

by marking plaque borders on plates at each of these time points. Areas of plaque expansion 

were photographed analyzed using ImageJ Software. 

 

Bacterial Recovery of Bordetella spp. from D. discoideum 

 Starting on days 7-9 after the addition of amoeba to the lawns, and again one and two 

weeks after that, spores of D. discoideum were examined for the presence of K. aerogenes or 

Bordetella strains in sori. To do so, sori were picked using a micropipette tip, and resuspended in 
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PBS with a vortexer. Bordetella samples were diluted and plated on Bordet-Gengou agar (Difco) 

enriched with 10% defibrinated sheep’s blood (Hema resources) and grown for 2 days at 37C. 

K. aerogenes samples were diluted and plated on LB agar plates and grown for 1 day at 37C. 

 

D. discoideum Spore-Count Assay 

To quantify the number of viable spores present in the sori of amoeba grown on K. 

aerogenes or bordetellae, sori were picked at weekly time points using a micropipette tip. The 

extracted sori were then re-suspended in PBS and vortexed. Re-suspended spores were combined 

at a 1:1 ratio with K. aerogenes grown in LB broth to mid-log phase (1x109 CFU/mL) at 37C. 

Dilutions were plated on SM5 agar plates. After incubating for 72 hours at 20C, plaques present 

on lawns of K. aerogenes were counted.  
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  Results 

Bordetellae species evade amoeba predation. 

 Amoebae such as D. discoideum are known to prey on bacteria. In the presence of a 

viable food source, such as K. aerogenes, D. discoideum will consume the bacterial lawn, 

forming a discernable plaque that grows over time (Figure 1). Recent data has shown that B. 

bronchiseptica is capable of resisting amoeba predation by D. discoideum (Bendor et al, 2016), 

and it is hypothesized that this trait is conserved amongst Bordetella species. Resisting amoeba 

predation is not seen in species such K. aerogenes, which are rapidly consumed by D. 

discoideum over time. For this reason, K. aerogenes acts as a control for this experiment.  

 Compared to K. aerogenes, D. discoideum growth appears limited on lawns of the tested 

Bordetella spp., potentially suggesting that as a genus, bordetellae are capable of avoiding 

amoeba predation. In a time course comparing amoeba growth, the mean plaque growth on K. 

aerogenes (7607 mm2 (n=8)) was 13 times that on B.bronchiseptica (584 mm2 (n=8)). The 

plaques grown on B. parapertussis and B. pseudohinzii were similar phenotype to B. 

bronchiseptica, only expanding to an average of 930 mm2  (n=5) and 197 mm2 (n=8), 

respectively.  In a time course comparing amoeba growth, plaques on K. aerogenes grew to 5881 

mm2 (n=3), almost 8 times the 784 mm2 (n=4) of growth seen on B. bronchiseptica. 

Interestingly, B. hinzii strains differed in their phenotypes. B. hinzii strain L60 allowed amoeba 

plaque growth similar to that seen with B. bronchiseptica, with an average plaque area of 484 

mm2 (n=6).  Plaque growth on B. hinzii strain 5132 was significantly larger at an average of 2404 
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mm2 (n=6). These results suggest that, like B. bronchiseptica, B. pseudohinzii, B. parapertussis, 

and B. hinzii strain L60 are capable of avoiding amoeba predation by D. discoideum.  But it 

appears that B. hinzii strain 5132 does not. However standard deviation is high between samples. 

Overall, these data indicate a novel interaction of Bordetellae with amoeba, allowing species B. 

bronchiseptica, B. parapertussis, B. pseudohinzii and at least one strain of B. hinzii (L60) to 

survive consumption by D. discoideum, while typical bacteria such as K. aerogenes would fall 

victim to amoeba predation.  

  

 

Figure 1. Classical and non-classical Bordetella spp. are capable of inhibiting plaque expansion of 

D. discoideum compared to K. aerogenes.   

Lawns of indicated bacteria were inoculated with D. discoideum. At 4, 9, 16, 23 days post addition of 

amoeba, plaque expansion was measured. Error bars indicate SD. 
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 The inhibition of plaque growth by Bordetellae calls to question the reason behind this 

phenotype. Typical bacterial species utilized by amoeba, such as K. aerogenes, are consumed 

sorely as a food source. When sori were recovered from amoeba growing on plaques of B. 

bronchiseptica, an interesting observation was made. Despite the inhibiting of the growth of 

amoeba on Bordetella spp, classical and non-classical strains were all capable of localizing to the 

amoeba sori. (Figure 2) While K. aerogenes was incapable of localizing to the sori, B. 

bronchiseptica was recovered at high levels on days 9, 16, and 23. Likewise, B. pseudohinzii, B. 

parapertussis, and B. hinzii (both L60 and 5132 strains) were recovered at comparable levels 

from sori on days 9, 16, and 23. These findings were consistent throughout multiple time 

courses. These data suggest that Bordetellae can localize to the amoeba sori, using it to aid in 

transmission to disseminate throughout the environment and survive outside of a mammalian 

host.  
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Figure 2. Classical and Non-Classical Bordetella Strains are capable of survival within sori of D. 

discoideum. 

Bacterial recovery from D. discoideum sori grown on K. aerogenes (navy) and Bordetella spp (as 

indicated) on days 9, 16, and 23 post-addition of amoeba. Error bars indicate SD. 
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Spore counts of sori picked from amoeba grown on B. bronchiseptica was highly consistent with 

K. aerogenes, varying little between days 9, 16, and 23. This was likewise for the other species, 

B. pseudohinzii, B. parapertussis, and B. hinzii (L60 & 5132). These data suggest that despite 

incorporation into the sori of D. discoideum, Bordetella spp. do not affect the viability of these 

amoeba. Bordetellae is shown here to co-exist within amoeba, strengthening the possibility of its 

use for environmental survival and transmission. 

 

Figure 3. D. discoideum spores remain viable despite co-inhabitation with classical and non-classical 

Bordetella strains. 

Spore recovery from D. discoideum sori grown on lawns of K. aerogenes (navy) and Bordetella strains 

(as indicated) on days 9, 16, and 23 post-addition of amoeba. Error Bars indicate SD.  
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Chapter 2: Using the Mouse Model to Study Bordetella spp. Transmission 
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Materials and Methods 

 The goal of this preliminary work was to identify target genes required for transmission 

of Bordetella spp. between mammalian hosts using an established mouse model. The results 

from this experiment can be used to identify potential vaccine targets for further testing in the 

more costly baboon model for B. pertussis.  The proceeding outlines the experimental protocols 

to achieve these goals. 

 

Institutional Care and Use Committee (IUCUC) Approval 

 This study is in accordance with the recommendations in the Guide for the Care and Use 

of Laboratory Animals of the National Institutes of Health and was approved by the Institutional 

Animal Care and Use Committee at The Pennsylvania State University at University Park, PA. 

(#46294 Bordetella-Host Interactions) 

 

Experimental Protocol 

This study used transgenic C3H/HeJ mice which express a defective form of Toll-Like 

Receptor-4, a critical component of the host’s defense mechanism against B. bronchiseptica 

(Smallridge et al,. 2014). Mice were inoculated with 5 uL of a specific mutant strain of B. 

bronchiseptica (Table 1) at a concentration of 3 x 104 cfu/mL.  For the initial mutant screening, 

mice were co-housed at a ratio of one inoculated mouse to two naïve mice. Beginning day 7 

post-infection and continuing every other day, the external nares of infected and naïve 

individuals were swabbed to detect shedding of B. bronchiseptica. On day 21 post-infection, the 

mice were sacrificed. Target organs including the lungs, trachea, and nasal cavities of all infected 
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and naïve mice were homogenized then plated on Bordet Gengou (BG) agar supplemented with 

10% defibrinated sheep’s blood and 20 μg/mL streptomycin. Plates were incubated at 37°C for 

two days and then analyzed/enumerated for bacterial growth.  

 

Table 1. Gene deletion mutants screened for transmission 

Strain Tested Gene Deletion Function of Gene Literature Cited 

RB50 Wild-Type B. 

bronchiseptica 

N/A  

RB53 Bvg+ phase-locked 

mutant 

Virulence regulon is 

up-regulated 

 

RB50 Δbprl sRNA intergenic region    

RB50 ΔbscN Component of Type III 

Secretion System 

Necessary for 

colonization of the 

trachea. 

Yuk, ca. 2000 

RB50 Δdnt Dermonecrotic toxin Deamidation of 

glutamine-63 Rho 

GTPases. 

Schmidt et al., 1999 

RB50 ΔfimG Subunit of Type 1 Pili Facilitates adhesion to 

host cells. 

Busch and Waksman, 

2012 

RB50 Δprn Pertactin Allows Bordetella to 

resist neutrophil-

mediated clearance by 

host. 

Inatsuka et al., 2010 

RB50 ΔpagL Lipid-A Modifying 

Enzyme 

Biosynthesis of Lipid 

A, a component of LPS 

layer of cell wall. 

MacArthur et al., 2011 

RB50 Δarnt Lipid-A Modifying 

Enzyme 

Addition of 

glucosamine to Lipid 

A, a component of LPS 

layer of cell wall. 

Rolin et al., 2014 

RB50 ΔlpxO Lipid-Modifying 

Enzyme 

Biosynthesis of Lipid 

A, a component of LPS 

layer of cell wall. 

MacArthur et al., 2011 

RB50 Δcap Component of 

Extracellular 

Polyaccharide Capsule 

(EPS) 

Evasion of Host Innate 

Immunity, protection 

from complement 

mediated destruction 

Parkhill et al., 2003 
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RB50 Δcap4 “ “ Parkhill et al., 2003 

RB50 Δcap9 “ “ Parkhill et al., 2003 

RB50 Δcap10 “ “ Parkhill et al., 2003 

RB50 Δcap11 “ “ Parkhill et al., 2003 
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Results 

Key virulence genes contribute to transmission amongst mice.  

 Successful transmission of B. brochiseptica requires the bacteria to accomplish three 

things; successful colonization (i.e. established infection in the inoculated host), shedding of the 

bacteria from the infected mouse, and transmission from infected mouse to naïve mouse. We 

hypothesize that key genes are required for transmission between hosts and that the loss of those 

genes will prevent transmission. Virulence factor mutants capable of colonization and shedding, 

but unable to transmit from infected to naïve hosts are of particular interest, as this inability 

suggests the significant of this virulence factor in transmission of B. bronchiseptica. Mutants 

were screened using a two-round system. If a mutant failed to transmit from one infected mouse 

to two naïve mice, the level of exposure was increased to two infected mice to two naïve mice 

and the mutant was tested again. 

 We tested a panel of virulence mutants for their ability to colonize and transmit. All the 

mutants tested were able to colonize the index infected mouse. (Table 2). During the first round 

of screening, mutants lacking fhaA or bscN were observed to transmit to the naïve mice. In 

contrast,  RB53, and mutants lacking bprL, fimG, dnt, lpxO, arnT, pagL, prn, and capsule 

mutants failed to transmit. However, during the follow-up second round of the assay, 

transmission was observed for the RB53, brpL, and fimG mutants. Three mutants, those lacking 

dnt, prn, and the capsule, failed to transmit in this second, more rigorous test, confirming their 

role in transmission. 
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Table 2. Summary of mutant strains screened for transmission.   

B. bronchiseptica mutant strains also tested for transmission. Round-2 Transmission entails increasing the 

number of inoculated mice from 1 to 2. N/A indicates that screening has not been completed. 

Mutant Colonization? Round-1 Transmission? Round-2 Transmission? 

RB50  fha Yes Yes Yes 

RB50 bscN Yes Yes Yes 

RB50 bprl Yes No Yes 

RB50 fimG Yes No Yes 

RB50 dnt Yes No No 

RB53 Yes No Yes 

RB50 lpxO Yes No N/A 

RB50 arnt Yes No N/A 

RB50 pagL Yes No N/A 

RB50 prn Yes No No 

RB50 cap Yes No No 

RB50 cap4 Yes No No 

RB50 cap9 Yes No N/A 

RB50 cap10 Yes Yes N/A 

RB50 cap11 Yes No N/A 

 

 

Failure to transmit suggests the capsule locus facilitates colonization and transmission  

 Of the mutants tested during this study, mutants deficient in the capsule locus (Δcap) of 

Bordetella bronchiseptica appeared most promising. The capsule locus of B. bronchiseptica 

encodes a layer of extracellular polysaccharide (EPS). In other bacterial species such as 

Escherichia coli, Streptococcus spp., and Bacillus anthracis, capsules have been attributed to 

protection against complement-mediated immunity and evading the host immune system through 

the suppression of surface proteins (Dewan, 2016). On day 21-post inoculation, wild-type B. 
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bronchiseptica was recovered from nasal cavities of naive mice, indicating that transmission had 

occurred. For B. bronchiseptica mutants Δcap, Δcap4, Δcap9, and Δcap11, the lack of bacteria 

recovered from the nasal cavities of the naïve mice on day 21 showed a failure to transmit 

(Figure 4). However, one mutant on the capsule locus, Δcap10, was shown able to transmit, with 

bacterial levels recovered from the naïve mice significantly higher than wild-type B. 

bronchiseptica. These preliminary data indicate that the extra-polysaccharide capsule of B. 

bronchiseptica is necessary for transmission.   

 

Figure 4. Transmission of B. bronchiseptica mutants from infected mice to naïve mice.  

Graph depicts CFU of bacteria recovered from nasal cavities of naïve individuals during initial screen of 

B. bronchiseptica cap mutants. One infected mouse was co-housed with 2 naïve mice. Bacteria was 

recovered from nasal cavities of naïve mice on day 21 post-infection.  Error indicates SD. 

 

 Encountering a mutant unable to transmit raises the possibility that transmission was not 

seen due to a failure to colonize in the inoculated mouse. However, as seen in figure 5, 

colonization was successful in all of the inoculated mice. The bacteria load (CFU counts) in the 

B
. b

ro
nch

is
ep

tic
a 

Δ
ca

p

Δ
ca

p4

Δ
ca

p9

Δ
ca

p10

Δ
ca

p11
0

2

4

6

8

10

Strain

L
o

g
(1

0
) 

C
F

U

ND ND ND ND

Line= Limit of 
Detection
ND= No Detection



21 

nasal cavities of mice infected with B. bronchiseptica was high on day 21 post-infection. 

Similarly, mice inoculated with Δcap, Δcap 4, Δcap9, Δcap10, and Δcap11 harbored comparable 

bacterial levels from the nasal cavity. This makes a failure to transmit due to a failure of 

exposure unlikely.  

 

 

Figure 5. Colonization of B. bronchiseptica mutants in nasal cavities of infected mice. 

Graph depicts CFU of bacteria recovered from nasal cavities of infected individuals during initial screen 

of B. bronchiseptica cap mutants. One infected mouse was co-housed with 2 naïve mice. Bacteria was 

recovered from nasal cavities of naïve mice on day 21 post-infection.  Error indicates SD. 

 

 To rule out the question of failure to the capsule mutants failing to transmit due to 

insufficient exposure of naive mice to inoculated mice, a second screen was performed of the 

cap4 mutant. During this experiment, the level of exposure in the cage was increased, inoculating 

2 mice instead of 1. In the case of fimG, bprl, and bscN mutants that were tested again 



22 

(Table 2), this was a sufficient increase to induce transmission. However, for Δcap4, an increase 

in exposure did not yield transmission to the naïve mice, despite high levels of bacterial recovery 

from the nasal cavities, trachea, and lungs of the inoculated mice (Figure 6). Therefore, these 

data support the idea that failure of cap4 transmission was not due to insufficient exposure, and 

that genes missing from cap4 mutant are involved in transmission of B. bronchiseptica.  

 

 

Figure 6. Round two screening of B. bronchiseptica cap4 mutant. 

Bacteria recovered from nasal cavities, trachea, and lungs of infected and naïve mice on day 21 post-

infection. Error indicates SD.  

 

Failure of B. bronchiseptica Δcap to transmit is attributed to a decrease in shedding 

over time 

 Since the ability of B. bronchiseptica to be transmitted amongst mice is dependent upon 

bacteria being shed from the nasal cavity and present on the external nares, we compared the 

amount of shedding between B. bronchiseptica and the capsule mutants. Shedding from B. 

bronchiseptica decreased slightly over time, but was persistently shed from the nares of infected 
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mice over the 20 days following inoculation. In contrast, mice infected with the capsule mutants 

showed a significantly lower and sporadic level of shedding from the nasal cavity compared to 

wild-type B. bronchiseptica (Figure 7). Δcap did not begin to shed until day 11 post inoculation, 

and maintained a significantly lower level of shedding than B. bronchiseptica for the rest of the 

experiment. Likewise, Δcap4, Δcap9, Δcap10, and Δcap11 were significantly hindered in their 

ability to shed. Since both wild-type B. bronchiseptica and the capsule mutants possess the 

ability colonize and persist at similar levels in the nasal cavity of the mice, these results show 

that the distinction between the ability of B. bronchiseptica and capsule mutants to transmit 

likely lies in the inability to effectively shed from the infected host. 

 

Figure 7.  Shedding of B. bronchiseptica from infected mice 

Bacteria recovered from nasal swabs of mice inoculated with wild-type and mutant B. bronchiseptica 

strains. Error indicates SD. 
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Discussion 

 Causing significant disease in human and veterinary medicine, infectious respiratory 

pathogens of B. pertussis, B. bronchispetica, B. parapertussis, among other species, are likely 

successful pathogens due to their ability to efficiently colonize, shed, and transmit from host to 

host. The recent increase in whooping cough (B. pertussis) incidence in humans has led to the 

increasing urgency to understand the mechanisms of transmission, much of which is still 

unknown. Previously, it has been thought that Bordetella spp. were only capable of spread 

through direct contact between infected individuals, through the spread of aerosol droplets. 

Herein, we describe the capability of multiple Bordetella species, B. bronchiseptica, B. 

parapertussis, B. pseudohinzii, and B. hinzii to utilize amoeba such as D. discoideum as a tool to 

survive outside of the host and disseminate throughout the environment. This idea presents an 

environmental niche of Bordetellae that has yet to be shown elsewhere.  

 More specifically, we first demonstrated that B. bronchiseptica is capable of avoiding 

predation of amoeba, while other bacterial species, particularly K. aerogenes, are incapable of 

this trait (Figure 1). Inhibiting bacterial consumption by the amoeba is necessary to persist and 

spread to new hosts. Furthermore, we recovered B.bronchiseptica from the sori of amoeba grown 

on lawns of B. bronchiseptica, showing that bordetellae can localize to the amoeba sori and 

remain viable (Figure 2). The highly complex life cycle of amoeba species such as D. 

discoideum includes a sori-bearing stalk as its final life stage, used to disseminate thousands of 

spores per sori to new locations plentiful in food. These data highly suggest that Bordetella 
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species can utilize the inherent disseminating ability of amoeba sori as a tool for environmental 

spread, and eventually transmission to a new host. Finally, despite surviving in the sori of 

amoeba, we showed that the presence of bordetellae in the fruiting body did not affect the 

amoeba spore counts within the sori (Figure 3). This suggests that Bordetellae do not harm the 

amoeba during this interaction, and this relationship is symbiotic. 

 Overall, the findings of the first chapter of this thesis highly suggest that B. 

bronchiseptica is capable of interacting symbiotically with amoeba such as D. discoideum and 

use it as an environmental reservoir to aid in transmission. Increasingly exciting, multiple species 

of Bordetella (B. parapertussis, B. hinzii, B. pseudohinzii) are capable of this interaction as well 

(Figure 2), suggesting that amoeba may play a role in the transmission cycles of the multiple 

species that bordetellae infect. These findings have significant implications, especially in the 

prevention of disease in livestock, who commonly come in contact with amoeba-bearing soils, 

water, and grass. Despite this, there is still more to examine before a definitive decision can be 

made regarding the role of amoeba in the transmission of Bordetella species. Perhaps one of the 

most significant species of Bordetella to human medicine, B. pertussis, has yet to be studied with 

D. discoideum.  

 Additionally, we have shown through the effective screening of numerous B. 

bronchiseptica mutants that there are multiple key virulence factors critical for transmission in 

vivo. This study presents an effective screen to study B. bronchiseptica transmission in murine 

hosts. Although understanding transmission between hosts is critical to controlling these highly 

infectious diseases, the study of bordetellae has previously focused on assays that measure the 

impact of “virulence factors” on aspects of colonization and pathogenesis within experimentally 
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inoculated animals, without regard for how they affect transmission between animals. To better 

understand the process of transmission between hosts, we developed effective conditions to 

study B. bronchispetica transmission between mice. Several mutants were shown to fail to 

transmit, while others were not, highlighting the capability of this model to screen for 

transmissibility of B. bronchiseptica mutants. The implications of this study are profound, as 

utilizing the mouse model is an efficient means by which to continue to identify genes important 

for B. bronchiseptica transmission, which are likely candidates for further study in the much 

more difficult and costly B. pertussis primate system. 

 Thus far from this model, we have discovered the importance of the capsule locus to B. 

bronchiseptica transmission. Herein, we have shown the extra-polysaccharide capsule of B. 

bronchiseptica is considered to have a major role in transmission, as Δcap mutants failed to 

transmit from infected mice to naïve mice (Figure 4). Furthermore, we showed that this failure to 

transmit was not due to colonization defect, as high numbers of bacterial were recovered from 

the nasal cavities of inoculated mice on day 21-post infection (Figure 5). The failure appears to 

be associated with a defect in shedding, due to the fact that all capsule mutants were significantly 

less effective at shedding from the nares of infected mice than wild-type B. bronchiseptica 

(Figure 7). From these data, it is shown that the capsule locus is necessary for efficient shedding 

and transmission of B. bronchiseptica in mice. However, a follow-up of the additional capsule 

mutants not screened in round-2 is necessary to make this conclusion, as Δcap, Δcap9, Δcap10, 

and Δcap11 mutants were not tested to rule-out if insufficient exposure was the cause of 

transmission failure in these mutants.  
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 In conclusion, this thesis aimed to investigate transmission dynamics of classical and 

non-classical Bordetella species, particularly B. bronchiseptica, to better understand how to 

disrupt transmission and prevent the spread of illness. In the first chapter of this thesis, we 

observed the interaction of classical and non-classical strains of Bordetella with D. discoideum to 

explore a potentially novel mode of transmission through the use of an environmental reservoir. 

Here it was found that Bordetella species B. bronchiseptica, B. parapertussis, B. hinzii, and B. 

pseudohinzii are capable of avoiding predation by D. discoideum and incorporating themselves 

into the sori of the amoeba, showing that the use of amoeba as an environmental reservoir is 

likely. In the second chapter of this thesis, we examined the role of key virulence factor genes in 

shedding, colonization, and transmission from infected mice to naïve mice, finding genes 

residing on the extra-polysaccharide capsule of B. bronchiseptica to be critical for shedding and 

transmission of the bacteria. From these data, we gain a better understanding of the 

environmental mechanisms behind transmission, as well as mechanisms behind some of the 

virulence factors involved in transmission.  
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