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Abstract 

Conover, Matt 

AN EXAMINATION OF THE FUNCTION AND THE TRANSCRIPTIONAL 

REGULATION OF THE BPS POLYSACCHARIDE IN BORDETELLA 

PERTUSSIS PATHOGENESIS AND BIOFILM DEVELOPMENT 

Most bacterial species are capable of existing as surface-adhered 
communities encased in a matrix called biofilms. These aggregates of sessile 
bacteria are increasingly being associated with multiple human infections. 
However, the bacterial factors that contribute to biofilm formation are poorly 
understood. The identification of biofilm promoting factors and their control 
mechanisms are necessary for the efficient treatment of biofilm-mediated 
infections. 

 
 Bordetellae are Gram negative bacteria which colonize the mammalian 
respiratory tract. Bordetella pertussis is the causative agent of the respiratory 
disease whooping cough which kills an estimated 300,000 people yearly 
worldwide. Current pertussis vaccines, although effective at preventing the 
severe form of disease, do not prevent asymptomatic colonization. It is 
hypothesized that nasopharyngeal carriage of B. pertussis is due to its ability to 
exist in a biofilm state. In this report, we demonstrate that the Bps polysaccharide 
of B. pertussis promotes biofilm formation in vitro as well as in the mouse nose 
by functioning as an adhesin that is essential for initial colonization. This 
combinatorial role makes Bps a crucial virulence factor necessary for B. pertussis 
pathogenesis. 
 
 The environmental signals and regulatory mechanisms which control 
matrix production and biofilm formation in Bordetella have not been fully 
examined. In this report, we show that the expression of Bps is elevated in 
biofilms and that the genes of this locus are transcribed as an operon. We show 
that regulation of Bps is achieved independently of the Bordetella bvgAS locus 
even though BvgAS positively controls biofilm development. Visual scanning of 
the sequences adjoining the bps locus revealed the presence of an ORF 
upstream and in opposite orientation displaying similarity to the MarR-family of 
transcriptional regulators. Measurement of bpsA transcript levels and Bps 
polysaccharide production from the wild-type and the ∆bpsR strains suggested 
that BpsR functions as a repressor. DNA binding assays demonstrated that 
purified BpsR binds to the bps promoter in a sequence specific manner. Further 
studies of the mechanisms by which BpsR controls the expression of Bps and 
the role of Bps in B. pertussis virulence could lead to therapeutics specifically 
designed to target Bps expression and thereby inhibit Bordetella persistence.
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The Genus Bordetella 

 Bordetellae are Gram negative aerobic coccobacilli that preferentially bind 

to the ciliated cells of the respiratory tract of mammals and avian species (67, 

116). The genus Bordetella is currently composed of nine species. Of these, 

three are considered to be the classical Bordetella species, B. bronchiseptica, B. 

pertussis, and B. parapertussis. These species are by far the most well studied 

and well understood organisms of the genus. However, other members of 

Bordetella, such as B. hinzii, B. avium, and B. holmesii, are being investigated 

more closely as awareness of their presence and disease instance becomes 

better known (116). B. bronchiseptica is traditionally considered to be a strict 

animal pathogen and is capable of infecting a wide variety of animals such as, 

pigs, horses, dogs, cats, and rodents (67). This species is capable of causing 

both symptomatic and asymptomatic infections in the host organism. Although 

the vast majority of infections caused by this organism are associated with 

animals, several cases of human infections have been reported in both 

immunocompromised and immunocompetent individuals (55, 144). In contrast to 

the wide host range of B. bronchiseptica, B. pertussis is a strict human pathogen 

with no known environmental reservoir and is the etiological agent of the life-

threatening disease whooping cough (29). B. parapertussis exists in two distinct 

isogenic forms. B. parapertussishu is capable of afflicting humans and causing a 

whooping cough-like disease where as B. parapertussisov is restricted to causing 

respiratory illness in ovine species (12, 20). 
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 DNA sequence analysis of the three classical species has shown 

remarkable similarities between the organisms to the extent that some have 

suggested they be classified as subspecies. Based on genome size and the 

pattern of insertion sequences, it has been proposed that B. bronchiseptica is the 

evolutionary progenitor of B. parapertussis and B. pertussis (43). It is thought that 

these species originated from B. bronchiseptica through two independent 

speciation events. Although the genomes of these species have remarkable 

similarities, it is also evident that the human adapted species have evolved from 

B. bronchiseptica by means of genome decay (43, 141). This is most evident in 

B. pertussis which has lost more than 1 megabase of genetic sequence since its 

divergence from B. bronchiseptica. In addition to genome decay, both B. 

parapertussis and B. pertussis contain numerous insertion elements which have 

led to the creation of hundreds of pseudogenes in each species (141). Thus, it is 

apparent that the human-restricted Bordetella species are evolving to minimize 

the presence of genes which may not be essential for virulence and survival 

within a human host. 

 

Epidemiology of Bordetella 

 As previously mentioned, B. pertussis is the etiological agent of the highly 

contagious disease whooping cough (29). This organism has persisted despite 

widespread and efficient vaccination in much of the developed world. The World 

Health Organization (WHO) estimates that there are approximately 20-40 million 

cases of pertussis every year resulting in approximately 300,000 deaths 



4 
 

worldwide (42, 169). The United States is not exempt from pertussis, and 

recently has had a dramatic increase in cases of the disease with as many as 

25,000 cases being reported for the year 2005  (Fig.1). Incidentally, California is 

on track to break a 55 year record for number of pertussis cases, with greater 

then 5900 cases reported by October 2010. Many have hypothesized that these 

numbers are drastically underreported and that pertussis is circulating freely in 

the adolescent and adult population (63, 174). Although adults do not experience 

life threatening complications from pertussis, mild or asymptomatic infections can 

result in transmission to infants in whom the disease is often severe (47). These 

adult and adolescent cases have been estimated to exceed 1 million cases a 

year, but even this number could be a misrepresentation since studies have 

shown that up to 25% of those presenting with a cough lasting for 2 weeks or 

more are infected with pertussis (29, 56, 84, 166). The fact that adults are 

harboring the pathogen in spite of good vaccine coverage and that humans are 

the only reservoir for B. pertussis suggests that adults are the main source of 

transmission to unprotected infants. This hypothesis was recently supported in a 

report which showed that 60% of infants who developed pertussis in the 

Netherlands were infected by a parental family member (47). 

  B. parapertussishu is capable of causing a mild pertussis-like illness 

as well as a more severe infection resembling a classical pertussis infection (10, 

57). It is often difficult to distinguish between B. pertussis and B. parapertussishu  

 



5 
 

Fig. 1. Rise in pertussis cases in the United States. Since the 1980’s 

pertussis cases have been steadily rising in the United States. Approximately 

1,000 cases were reported in 1980, but this number has increased to over 

25,000 cases being reported in the year 2005. While these numbers are 

dramatically less than those in the pre-vaccine era, this alarming ascension of 

pertussis cases is cause for concern. However, many believe that the current 

numbers of pertussis cases are underreported and the actual number of cases 

could far exceed the numbers represented. 
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due to many similarities between the species making accurate epidemiological 

reporting elusive (80, 90). 

 B. bronchiseptica is capable of infecting a variety of mammals and 

causing diseases such as infectious tracheobronchitis or Kennel Cough in dogs, 

Porcine Reproductive and Respiratory Disease Complex (PRDC) and atrophic 

rhinitis in pigs, and bronchopneumonia in rodents, cats, and non human primates 

(21, 116). Kennel Cough in dogs is a highly contagious respiratory infection 

which can cause mild symptoms, but can also lead to more serious sequela 

including pneumonia or other complications (128). Treatment of kennel cough 

and its prevention through vaccination has a significant economic impact on pet 

owners. Although a vaccine against B. bronchiseptica is available for dogs, and 

is effective at preventing the severe symptoms of this disease, it is common to be 

able to isolate the pathogen from asymptomatic animals. B. bronchiseptica 

respiratory infections in piglets can lead to deformation and atrophy of the nasal 

cavity (111). This atrophic rhinitis causes an estimated 17 million dollar loss to 

the swine industry of the United States every year (167). In addition to atrophic 

rhinitis, B. bronchiseptica infections have been shown to predispose pigs to other 

bacterial and viral infections which in conjunction compose PRDC and amount to 

over 40 million dollars in damages to the swine industry yearly in the United 

States (167). Although B. bronchiseptica is largely an animal pathogen, human 

cases are being reported with increasing frequency. The majority of the recent 

cases have involved patients who have compromised immune systems due to 

HIV infections or cystic fibrosis (48, 161). However, B. bronchiseptica has been 
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isolated from immunocompetent individuals and has been hypothesized to have 

undergone zoonotic transmission (144, 183). 

 

Pathogenesis of a B. pertussis infection 

The classical presentation of whooping cough or pertussis in infants is 

traditionally classified into three distinct stages known as the catarrhal, 

paroxysmal, and convalescent phases (30). After an incubation period of 7-10 

days the patient will enter into the catarrhal phase (Fig.2). This period lasts for 1-

2 weeks and is associated with mild symptoms similar to the common cold, 

including rhinorrhea and a mild cough which gradually increases in intensity and 

frequency as the disease progresses. As the catarrhal stage concludes and 

paroxysmal phase begins, the cough continues to increase in severity until it is 

characterized by coughing fits associated with a distinctive whooping sound as 

the patient makes massive inspirations after the coughing episodes. Symptoms 

associated with this stage in addition to the paroxysmal cough include vomiting, 

cyanosis, and leukocytosis. This phase usually persists 1-6 weeks but has been 

documented to persist up to 10 weeks. Diagnosis of whooping cough generally 

does not occur until the paroxysmal cough is present, but by this time the 

bacterial load is decreasing and confirmation via culture methods is often elusive. 

Upon diagnosis, antibiotics are often prescribed but generally these do not affect 

the severity or the length of the symptoms due to the fact that pertussis is a toxin- 

mediated disease and by the time of diagnosis the bacterial numbers are already 

in decline. As the cough diminishes, the patients progress to the convalescent  
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Fig. 2. Clinical presentation of B. pertussis disease. B. pertussis infection is 

initiated by the inhalation of the bacteria, traditionally in aerosol droplets. After an 

incubation period of 7-10 days the subject enters the catarrhal phase. Symptoms 

resembling the common cold are generally associated with this stage with no 

overt signs of serious complications. As the infection enters its second week the 

paroxysmal stage begins and can last from 2-6 weeks. At this point in the 

disease the characteristic whooping cough is prominent along with frequent 

vomiting. The convalescent stage begins as the paroxysmal cough subsides and 

persists for several weeks. The general weakness of the individual and the 

immune system often leave the patient susceptible to complications such as a 

secondary pneumonia. It is important to note that symptom severity does not 

correlate with bacterial load. This is a common theme for pathogens whose 

sequela are mediated by toxin accumulation. 
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phase which is generally a time for recovery. However, it is common for 

complications to develop in this stage due to the general weakness of the 

individual after struggling with the paroxysmal cough and vomiting. Pneumonia, 

seizures and encephalopathy are common life threatening complications 

associated with the phase, as well as increased susceptibility to secondary 

infections (116). In contrast to the severe presentation of pertussis in infants, 

adults and adolescents are often asymptomatic or display only mild disease 

without the characteristic whooping cough (49, 107, 108). 

 

The BvgAS Two Component System 

 Bacteria utilize a wide variety of mechanisms to sense their environmental 

conditions and to respond to their ever changing surroundings. One of the most 

common mechanisms used to sense these environmental alterations is the two 

component signal transduction system. These systems are generally composed 

of a membrane-spanning sensor kinase which processes extracellular stimuli 

through a phosphorylation cascade or phospho-relay to a response regulator. 

The sensor protein typically auto-phosphorylates at a conserved histidine residue 

which is then transferred to an aspartate residue either within the sensor or on 

the response regulator which alters its DNA binding activity (70).  Bordetella 

control the expression of most of their known virulence genes through an elegant 

two component system known as the BvgAS signal transduction system. The 

bvgAS locus encodes for a membrane spanning sensor, BvgS, and a DNA 

binding response regulator, BvgA (37). This locus is 96% conserved between the 
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three classical species at the nucleotide level and is functionally interchangeable 

between the species (114). The BvgAS system belongs to a class of two 

component systems that varies from the normal paradigm. The phosphorylation 

cascade undertaken by these proteins is not the traditional two step 

communication between the sensor and the response regulator. BvgAS signal 

transduction involves a more complicated four step process in which the sensor 

kinase, BvgS, is auto-phosphorylated at a histidine residue (H 729) upon sensing 

changes in certain environmental stimuli. This phosphate is then transferred to 

an aspartate (D 1023) within BvgS before being shuttled to a second histidine (H 

1172) prior to reaching its final destination on an aspartate on the response 

regulator, BvgA (172). BvgA is a response regulator which is composed of an N-

terminal receiver domain and a C-terminal helix-turn-helix DNA binding domain 

(8, 82). Upon activation by phosphorylation, BvgA regulates a large array of 

virulence activated genes (vags) by binding to the promoter region of these 

genes and either displacing a repressor or by recruiting RNA polymerase for 

transcriptional initiation (Fig. 3) (14, 15). BvgA can not only function as an 

activator, but is also capable of down regulating virulence repressed genes (vrgs) 

(Fig 3). This is mainly accomplished when activated BvgA induces the 

expression of BvgR which in turn acts as a repressor of the vrgs. These genes 

must be repressed in order for Bordetella to be fully virulent since strains lacking 

BvgR have been shown to be incapable of causing disease in a host (123-125). 
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Fig. 3. The BvgAS two component system regulates genes expression 

patterns and phases in Bordetella. BvgAS is comprised of the membrane 

spanning sensor kinase, BvgS, and the response regulator BvgA. Upon 

stimulation, BvgS undergoes a phosphorylation cascade which ends in the 

phosphorylation of BvgA. This activated protein is capable of regulating the 

expression of numerous virulence determinants in Bordetella. In fact, the bacteria 

exist in different virulence phases based on the phosphorylation state of BvgA 

including Bvg+, Bvgi, and Bvg- phases. These different states correlate with the 

maximal expression of various virulence factors which are hypothesized to help 

the bacteria survive in their given environment. In order to colonize a host, the 

bacteria must be in Bvg+ phase which correlates with the peak expression of 

most adhesins and toxins in Bordetella. 
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Phase Variation in Bordetella 

 One hallmark of the BvgAS system is its ability to control numerous genes 

in Bordetella in response to relatively few known signals. This two component 

system alters the expression pattern of so many genes that Bordetella are 

considered to exist in various phases based on the activation state of BvgAS. As 

early as 1931, Leslie and Garner observed that Bordetella possessed the ability 

to change phases and modulate antigen expression in response to 

environmental signals (104). They noted three distinct phenotypic phases which 

were later termed Bvg+, Bvg-, and Bvgi. The Bvg+ phase correlates with the 

phosphorylation of BvgA and is characterized by the expression of numerous 

adhesins and toxins, such as FHA, pertactin, fimbria, adenylate cyclase, and 

pertussis toxin in B. pertussis (Fig. 3) (116). It is widely accepted that Bordetella 

must be in Bvg+ phase to be virulent and therefore it is the most studied 

phenotypic state of the organism (126).  Under conditions where BvgAS is not 

active, either by mutation, low temperature growth conditions, or the presence of 

modulators such as nicotinic acid or magnesium sulfate, the bacteria enter into 

the avirulent Bvg- phase (Fig. 3) (126). This phase is associated with the lack of 

expression of traditional virulence factors, but also with expression of motility 

genes in B. bronchiseptica as well as sets of genes which are hypothesized to 

help the bacteria survive difficult growth conditions (2, 3). It was once thought 

that Bordetella existed in these two phases and there was no intermediate or 

transition state. However, recent studies have revealed that the BvgAS system 
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does not function merely as a biphasic switch, but more by a gradient or rheostat 

mechanism to control the gene expression profile in response to subtle changes 

in environmental conditions (50, 164). This transitional or Bvgi phase is not only 

characterized by intermediate expression levels of several virulence factors, but 

also by maximal expression of several unique virulence factors including the 

adhesin BipA (164). To date, there has been no distinct role established for the 

Bvgi phase but it is postulated to be required for aerosol transmission of 

Bordetella between hosts. 

 

Pathogenesis Determinants of Bordetella 

Virulence Factors. Like most bacterial species, Bordetella produce two main 

classes of virulence factors, toxins and adhesins. These factors exist in a variety 

of forms and are not limited to traditional protein components. An intricate 

interplay of these elements has been shown to be necessary for efficient 

colonization of the mammalian respiratory tract.  Previous studies on Bordetella 

have shown that various virulence factors are necessary for attachment, 

invasion, as well as immune evasion or suppression. High immunogenicity is also 

a common characteristic of many of these antigens as evidenced by the inclusion 

some of the factors in vaccinations which protect from Bordetella infection. 

 

Adhesins. The following is a succinct discussion of some of the well-

characterized proteins necessary for the efficient attachment and pathogenesis 

of Bordetella. 
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Filamentous hemagglutinin 

 Filamentous hemagglutinin (FHA) is a strongly activated BvgAS regulated 

protein with its maximal production occurring under Bvg+ and Bvgi phase 

conditions (152). This hairpin-shaped protein is one of most immunogenic 

virulence factors of B. bronchiseptica and B. pertussis (146). FHA is a 220 kDa 

protein that exists both as a surface attached component, as well as a portion 

that is secreted into the extracellular environment (39, 40). Abundant research 

performed in vitro has determined that FHA is an adhesin which has four 

functional domains that confer its binding ability to both epithelial and immune 

cells. One of these domains consists of an Arginine-Glycine-Aspartic Acid (RGD) 

motif which has been shown to mediate adherence to complement receptor 3 

(CR3) and leukocyte response integrin/integrin-associated protein found on 

macrophage/monocytes and leukocytes respectively (86, 145, 154). This RGD 

domain has also been shown to stimulate binding to bronchial epithelial cells 

through interactions with very late antigen 5 which can lead to NF-κB signaling 

and leukocyte accumulation (87-89). A second motif present on this protein is a 

carbohydrate recognition domain which initiates attachment to macrophages and 

to the ciliated epithelial cells of the respiratory tract (140). FHA also possesses a 

heparin binding domain which promotes hemagglutination (122). A final adhesive 

property of FHA is attributed to a CR3 recognition domain for which a function 

has yet to be elucidated. Other non-adhesive properties of FHA include its ability 

inhibit CD4+ T cell proliferation and induce apoptosis in these cells which 
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interferes with the capability to mount an adaptive immune response to clear the 

pathogen (13). Additionally, FHA has been shown to down regulate the innate 

immune response mounted against the pathogen by dendritic cells and 

macrophages by suppressing interleukin (IL)-12 production through the induction 

of IL-10 (118, 120). 

 Research for a function of FHA in vivo has determined that the protein is 

required for efficient colonization of the trachea in B. bronchiseptica infected 

rodents (38). However, the role for FHA in B. pertussis infection has yet to be 

clearly defined due to conflicting reports. McGuirk et al. have shown that a B. 

pertussis strain harboring a deletion of FHA is defective in its ability to colonize 

the lungs of infected mice (119). However, Goodwin and Weiss have reported 

that there is no difference in colonization in mice infected with either the wild type 

or a strain lacking FHA (179). One possible explanation for these conflicting 

accounts could be that mice are not the natural host for B. pertussis and thus fail 

to elucidate a phenotype due to the fact that B. pertussis FHA may be specifically 

adapted to the human respiratory tract. While B. bronchiseptica and B. pertussis 

are closely related, genomic comparison of the genes encoding for FHA between 

the two species does reveal some differences. Conflicting reports have been 

published as to whether or not FHA of B. bronchiseptica and B. pertussis are 

functionally interchangeable in vivo. However, it appears FHA is highly adapted 

to the targeted host of the bacteria and its precise contribution to colonization of 

heterologous organisms has yet to be definitively determined. 
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Fimbriae 

 Many Gram negative pathogens, such as Escherichia coli and Salmonella 

spp., express filamentous polymeric proteins on their cell surface called fimbriae 

(Fim) (53, 54). The Bordetella species are capable of expressing four fimbriae, 

Fim2, Fim3, FimX and FimN (96, 105, 129, 148). These proteins are expressed 

at varying levels with Fim2 and Fim3 being highly induced under Bvg+ phase 

conditions where as FimX and FimN are produced at much lower levels (96, 

148). It has been difficult to ascertain a definitive function for each of the fim 

genes since they are hypothesized to have overlapping functions between 

themselves, as well as with other proteins in Bordetella, such as FHA. However, 

studies have shown that these proteins are capable of mediating adherence to 

respiratory epithelial cells and host monocytes (75, 76). In vivo, research has 

implicated Fim as an adhesin necessary for efficient tracheal colonization (117). 

In addition to these attachment roles, the Fim proteins have been known to down 

regulate the inflammatory response of the host and protect Bordetella from killing 

by alveolar macrophages (116). The adaptive immune response recognizes and 

elicits a significant antibody response to the Fim proteins, especially Fim2/3. 

These proteins have been shown to induce both an immunoglobulin (Ig) M and 

IgG2a response in a rat model of infection (117). This major stimulation of the 

host adaptive response has led to the inclusion of Fim2/3 in currently available 

acellular vaccines. In fact, addition of Fim2/3 to the acellular vaccine has led to 

significant enhancement of its overall efficacy (135).  
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Pertactin 

 Bordetella express numerous surface associated proteins related to the 

autotransporter secretion system including the highly Bvg-regulated protein, 

pertactin (Prn) (78). These autotransporters usually are composed of an N-

terminal domain which elicits the effector function of the protein and a C-terminal 

β-barrel which aids in the transport of the N-terminal domain across the target 

membrane. Prn is an approximately 69 kDa protein which has an RGD motif in 

the N-terminal effector domain of this protein which has led to the hypothesis that 

Prn is involved in attachment (27, 58). Purified Prn has been shown to impart 

binding of CHO cells to tissue culture plates, as well as increasing the 

attachment of prn expressing Salmonella to target cell lines (59). However, 

Bordetella strains harboring a deletion of prn show no significant difference in 

their ability to attach to cell lines in vitro or colonize the mouse respiratory tract 

(149). Although no pathogenic phenotype has been established for Prn, it is 

important to note that several studies have documented the necessity of anti-Prn 

antibodies in mediating protection against Bordetella (31, 165). This has led to 

the inclusion of Prn in many currently available acellular vaccines and has 

increased their protective efficacy over that of vaccines containing FHA and 

pertussis toxin alone (28, 72). 

 

Toxins. In addition to possessing multiple adhesins, Bordetella produces 

numerous toxins which contribute to the virulence of the organism. The following 
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is a summary of the toxins secreted by the genus and their function in bacterial 

pathogenesis. 

 

Adenylate cyclase 

 CyaA is a toxin secreted by Bordetella which functions as both a 

calmodulin-sensitive adenylate cyclase and hemolysin. This protein belongs to 

the repeats-in-toxin (RTX) family of calcium-dependent pore forming toxins (147). 

The N-terminal domain of CyaA confers the catalytic activity of the toxin while the 

C-terminal domain is responsible for translocation into the target cell membrane 

as well as the hemolytic properties of CyaA (64, 79). Unlike other hemolysins, 

such as HlyA of E. coli, CyaA is not secreted in large quantities into the 

extracellular milieu (180). In fact, it has been demonstrated that CyaA must be 

associated with the bacterial cell surface to be functional. This localization with 

the cell surface has been shown to be dependent on FHA in that a deletion of 

FHA causes the majority of CyaA to be released into the surrounding 

environment; however, the mechanism of this interaction has yet to be 

determined (188). CD11b, a eukaryotic cell surface glycoprotein expressed by 

various immune cells including, natural killer cells, macrophages, and 

neutrophils, has been determined to be the receptor for CyaA (69). Upon 

interaction with CD11b, CyaA is internalized into the mammalian cell where 

binding with calmodulin activates the adenylate cyclase properties of the toxin, 

catalyzing the conversion of cellular ATP to cyclic AMP (cAMP) (182). This leads 

to the accumulation of cAMP, which exceeds normal physiological conditions and 
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interferes with normal cellular signaling or processes (24, 33). Overproduction of 

cAMP inside many cells of the immune system leads to a reduction of their ability 

to take up and kill bacteria. More specifically, purified CyaA has been shown to 

inhibit super oxide production, chemotaxis of monocytes and neutrophils, and 

induce apoptosis in macrophages (33). In addition to these effects, CyaA is 

capable of suppressing IL-12 and tumor necrosis factor (TNF)α production from 

bone marrow derived dendritic cells suggesting an anti-inflammatory role for the 

toxin (159). In accordance with these in vitro studies, infection of infant mice with 

a strain incapable of expressing CyaA displayed a defect in causing lethal 

infection (68, 71). These studies demonstrate that CyaA plays an anti-phagocytic 

and anti-inflammatory role in Bordetella respiratory infections. 

 While CyaA is not a component on the current acellular vaccine, anti-

CyaA antibodies have been found in children who have developed a B. pertussis 

infection (32). In fact, anti-CyaA antibodies are capable of promoting 

phagocytosis of B. pertussis by neutrophils implying a function for these 

antibodies in natural infection leading to suggestions that inclusion of CyaA in 

acellular vaccines may induce a more complete protection (73, 116). 

 

Dermonecrotic toxin 

 Dermonecrotic toxin (DNT) was one of the first virulence factors to be 

discovered for B. pertussis. This heat-labile A-B toxin is composed of a 54 amino 

acid N-terminal receptor binding domain and a C-terminal enzymatic domain 

composed of 300 amino acids (115). Although the receptor for DNT has yet to be 
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identified, it is know that DNT is internalized through dynamin-dependent 

endocytosis and is activated via proteolytic nicking by eukaryotic proteases as it 

enter the cell (115). This activated form of DNT is thought to act on the small 

GTP-binding protein Rho which leads to a signaling cascade that alters 

cytoskeletal arrangement, DNA replication, and cell movement (81). Currently a 

defined role for DNT in Bordetella pathogenesis is unknown, but it has been 

linked to necrotic lesions in experimentally infected animals and turbinate atrophy 

in pigs colonized by B. bronchiseptica (111, 150). 

 

Tracheal Cytotoxin 

 Unlike most toxins, which are protein based, tracheal cytotoxin (TCT) is 

composed of a disaccharide-tetrapeptide monomer of the peptidoglycan cell wall 

produced by all Gram negative bacteria (35). In contrast to other Gram negative 

species which recycle this peptidoglycan fragment, Bordetella release this 

monomer into the surrounding environment (92). This secretion of TCT is due to 

the lack of a functional AmpG homologue in Bordetella species which is 

responsible for the recycling of this peptidoglycan component in most bacteria 

(35, 93, 151). TCT is capable of causing cilia destruction, cell blebbing, and 

damaging cell mitochondria (181). This toxin targets only ciliated cells and 

appears to leave non-ciliated cells undamaged (65). In a tissue culture model, 

the cytopathic effects of TCT are mediated by its ability to induce IL-1α which 

increases the production of nitric oxide (NO) and in turn destroys the cilia in the 

surrounding area (60, 77). In vivo, it is hypothesized that TCT stimulates IL-1α 
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production and NO discharge by non-ciliated mucus secreting cells resulting in 

cilia destruction on the surrounding cells (60). 

 

Pertussis Toxin 

 Unlike the aforementioned toxins produced by all Bordetella species which 

infect mammals, pertussis toxin (PT) is expressed only by the human pathogen 

B. pertussis. Although both B. bronchiseptica and B. parapertussis harbor the 

genes necessary to synthesize pertussis toxin, because of promoter mutations, 

the loci transcriptionally inactive (4). PT is an ADP-ribosylating toxin composed of 

six polypeptides, S1-S5, encoded by the genes ptxA-ptxE (106, 133). This AB 

toxin functions by the B subunits, S2 to S5, forming a ring-like structure which 

binds to the eukaryotic cell membrane and causes the cell to intake PT via a 

cytochalasin D independent uptake pathway (168, 185, 186). Once inside the 

eukaryotic cell, ATP binds to the B subunits causing a release of the 

enzymatically active A subunit, S1 (98). Upon entry into the eukaryotic cytosol, 

the S1 subunit transfers ADP ribose to Guanine (G) binding proteins (99). This 

ADP ribosylation of the cell G proteins causes a disruption of cell signaling and 

ion channel function (83, 157). Recent studies have shown that PT is involved in 

down-regulating the immune response to B. pertussis by inhibiting chemotaxis, 

decreasing the production of reactive oxygen species, and altering lysosome 

fusion in human neutrophils and macrophages (17, 121). Studies have also 

shown that strains lacking PT have an increased anti-Bordetella antibody 

response suggesting that the toxin is involved in suppressing or evading the 
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adaptive immune response (25). In addition to its role as an immunomodulatory 

component, PT has been shown to act as an adhesin to the ciliated cells of the 

mammalian respiratory tract as well as to macrophages (171). In light of this dual 

role in pathogenesis PT has been proposed to be the major virulence factor 

responsible for the typical disease symptoms associated with whooping cough 

and is included in currently available acellular vaccines. 

 

Lipopolysaccharide 

 Similar to other Gram negative species, Bordetellae produce endotoxin or 

lipopolysaccharide (LPS) as a component of their outer membrane. LPS is 

known to be pyrogenic, toxic, and capable of inducing TNF expression in 

macrophages (5). Bordetella LPS is composed of three distinct components, 

band A, band B, and the O antigen. The band A and B portions of LPS are 

named due to their different mobilities on sodium dodecyl sulfate polyacrylamide 

gels, but are similar in composition (138). The lower molecular weight band B is 

comprised of a lipid A molecule which is covalently linked to a branched 

oligosaccharide core. The higher molecular weight band A consists of band B 

plus an additional trisaccharide (26). B. bronchiseptica and B. parapertussis also 

contain an O antigen made of a repeating sugar polymers linked to band A and B 

(51). The loci wlb and wbm encode for the enzymes necessary for the synthesis 

of LPS in Bordetella. However, B. pertussis does not contain an intact wbm locus 

and therefore does not produce the enzymes necessary to construct a functional 

O antigen (22, 142). A definitive role in pathogenesis has yet to be determined 
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for LPS among Bordetella species, but strains deficient in LPS production have a 

defect in colonization of the murine respiratory tract (74). Recent studies have 

also suggested the LPS is involved in resistance to complement mediated killing 

of B. bronchiseptica and protects B. pertussis from the antimicrobial agent 

surfactant protein A in the mouse lung (155). 

 

Biofilm development 

 When studied in laboratory conditions, bacteria are traditionally grown in 

liquid culture and exist mainly as free swimming individual cells. However, recent 

research has demonstrated that many bacteria do not always exist in this 

planktonic state, but are often attached to a surface or clustered together in large 

conglomerates (62). These microbial communities have not only been observed 

in the environment, but are also routinely found in the host organism.  The first 

documented observation of these attached bacterial groups occurred in 1933 by 

Henrici when he noticed that a significant portion of his cultures grew attached to 

the walls of his culture system and not in the liquid media (189). As technology 

and research progressed, many studies have been performed using microscopy 

and transcriptome analysis to determine that the microbial communities adhered 

to a surface are distinctly different from their free swimming counterparts (103). 

The structures eventually came to be known as biofilms and are defined as a 

community of organisms attached to a surface and encased in a self produced 

polymeric matrix. This matrix can be composed of exopolysaccharides, various 

proteins, as well as extracellular DNA. 
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 Biofilms are organized structures that develop in an orderly process which 

can be divided into various steps or phases. Biofilm formation begins when a free 

swimming cell comes into contact with a surface and undergoes an initial 

reversible attachment (Fig. 4). Upon initial adherence, the cell is not committed to 

form a biofilm and may detach from the surface to rejoin the planktonic 

population. This temporary surface association is often mediated by flagella 

initiated contact which allows for the cell pole to interact with the solid media (1). 

However, favorable conditions can allow the bacteria to progress past this 

transient attachment step to an irreversible attachment which commits the cell to 

biofilm formation (Fig. 4). This permanent adherence is associated with the cell 

initiating a more lateral contact with the surface and the expression of 

extracellular polymers which are often either not present when the cells exhibit 

planktonic growth or are present at lower levels than in the biofilm. One example 

of this is the PGA exopolysaccharide of E. coli which has been shown to be 

crucial for irreversible attachment, but does not alter the cell’s ability to form 

reversible interactions (1). Studies involving Pseudomonas aeruginosa have 

demonstrated that as the bacteria make this irreversible attachment, the gene 

expression profile of the organism changes and genes involved in matrix 

production are up-regulated, such as exopolysaccharide synthesis genes (46).  

 Once adherence to a surface has been established, the biofilm can 

increase in size by two mechanisms, clonal expansion and cells migrating 

together. Translocation is accomplished via twitching motility mediated by the 

type IV pilus. By utilizing this motility across a surface, bacteria are capable of 
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clustering together to construct a growing biofilm (100). A second method of 

biofilm maturation is clonal expansion of the attached cells to create a monolayer 

covering a local area. Upon saturation of this monolayer, bacteria then expand 

vertically and produce what are known as microcolonies (Fig. 4). This cell 

conglomeration can lead to dramatic three dimensional structures such as 

towers, water channels, or mushroom like stalks (134). As the biofilm matures in 

size copious amounts of matrix material is produced to encase the bacteria (18, 

19). 

 The final stage of biofilm development is the release of cells from the 

biofilm into the surrounding environment (Fig. 4). Dispersal from the bacterial 

biofilm is mediated through the expression of enzymes capable of degrading the 

surrounding matrix material. For example, upon biofilm maturation, P aeruginosa 

overexpresses the enzyme alginate lyase which breaks down the 

exopolysaccharide alginate into short chains allowing for bacterial release from 

the biofilm (16). Actinobacillus species achieve dispersal through a similar 

manner by producing the glycosyl hydrolase DspB which cleaves β-1-6 linked N-

acetylglucosamine in the surrounding matrix encasing the bacteria (97). The 

bacteria released from the biofilm by dispersion have a gene expression profile 

similar to that of planktonic cells and behave in a comparable manner (153). This 

release of bacteria into the surrounding environment allows for the seeding of 

new sites of infection and is the last stage of the biofilm cycle. 
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Fig.4. Biofilm formation model. Biofilm formation is initiated when planktonic 

cells come into contact with a sold surface and initiate a reversible attachment. If 

the bacteria remain adhered to the surface, they commence a change in gene 

expression resulting in the down regulation of motility genes and an increased 

production of factors necessary for irreversible attachment. After initial 

attachment and monolayer formation the biofilm increases in size by either clonal 

expansion or translocation to form microcolony structures. As the biofilm 

matures, large amounts of matrix material is produced and the biofilm takes on a 

three dimensional architecture complete with tower and water channel formation. 

The final hallmark of biofilm development is the dispersal of bacteria from the 

structure to seed other areas in the environment. 
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Polysaccharides 

As discussed above, exopolysaccharides are a critical component of the biofilm 

matrix. These extracellular polysaccharides contribute in a variety of ways toward 

biofilm formation, including initial attachment to a surface, intercellular adhesion, 

and providing a scaffolding for the three dimensional nature of the biofilm (44, 

110, 162). Polysaccharides have also been demonstrated to perform functions 

beyond that of a structural component including protecting the bacteria from 

antimicrobial peptides, phagocytosis, and antibody mediated clearance (175). 

The composition of these extracellular polysaccharides varies greatly between 

bacterial species. For example, E. coli produces at least two polysaccharides 

which are involved in biofilm formation. The first discovered was colanic acid 

which is a polymer composed of glucuronate, fructose, glucose, and galactose 

(163). More recently E. coli has been shown to produce the exopolysaccharide 

PGA, which is made of N-acetylglucosamine, mannose, glucose, and galactose 

(177). P. aeruginosa produces three exopolysaccharides Psl, Pel, and alginate 

which have varying compositions and roles in biofilm formation (23, 91, 156). 

 Although there is great diversity in the exopolysaccharides made by 

biofilm forming species, many species produce similar structured 

polysaccharides such as the poly-β-1-6 N-acetylglucosamine (PGA/PIA/PNAG) 

which is conserved in a number of Gram positive and Gram negative species 

(41, 110, 136, 177, 187). Staphylococcal species produce one such 

polysaccharide entitled PIA or PNAG which has been shown to be crucial for 

biofilm formation and surface adherence. The enzymes necessary for the 
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construction of PIA/PNAG are encoded by the icaADBC locus (41, 110, 113). 

Similar gene loci and polysaccharides have been documented in multiple other 

species including, pga in E. coli and Actinobacillus, hms in Yersinia, and bps in 

B. bronchiseptica (136, 139, 177). B. pertussis contains homologues to the 

bpsABCD locus in B. bronchiseptica and is hypothesized to express a similarly 

structured Bps polysaccharide. Bps production and its function in B. pertussis 

pathogenesis is discussed in detail in chapter 2. 

 Traditionally these exopolysaccharides are studied in the context of biofilm 

formation, yet many have shown to have pathogenic effects exceeding that of 

forming multicellular communities. The PIA/PNAG of Staphylococcal species has 

been demonstrated to not only function as an adhesin and biofilm maintenance 

factor, but also to protect the bacteria from phagocytic uptake, killing by 

antimicrobial peptides produced by the host, and provide resistance to various 

antibiotics in vitro (7, 175).  An adaptive immune response to PIA/PNAG is 

capable of providing protection from subsequent lethal challenge demonstrating 

that this polysaccharide is an important antigen recognized by the immune 

system (101, 113). It is also interesting to note that clinical isolates are more 

likely to express PIA/PNAG than Staphylococcus isolated from an environmental 

source (101, 130).  

 

Polysaccharide and Biofilm Regulation  

 Exopolysaccharides have been implicated to function as virulence factors 

necessary for initial attachment, cell aggregation, biofilm development and 
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maintenance, as well as modifying the host immune response to the organism. 

Given these undeniable roles for polysaccharides in colonization and virulence, it 

can be anticipated that the expression of these molecules is intricately controlled. 

One extensively studied example of the regulation of biofilm development and 

polysaccharide production is the ica locus of S. aureus. Under planktonic growth 

conditions, transcription of icaADBC occurs at low levels due to the repressor 

activities of the proteins IcaR, TcaR, and LuxS (34, 95, 184). The divergently 

transcribed icaR gene is located upstream of the ica locus and encodes for a 

TetR family transcriptional repressor which inhibits transcription unless certain 

environmental cues, such as ethanol and high salt concentrations, are present 

(34). In addition to IcaR, the MarR family regulator TcaR also binds to the ica 

promoter and functions as a weak repressor of transcription (95). A recent report 

also identified LuxS as a repressor of PNAG synthesis, but the exact mechanism 

of repression by this quorum sensing system is still being investigated (102). As 

the local environment changes to favor Staphylococcal biofilm formation, the 

binding of these repressors to the ica promoter is inhibited and transcription is 

initiated. In addition to repressors, several other factors which increase the 

transcription efficacy of this locus have been identified. Under high salt growth 

conditions, an alternate sigma factor, sigB, is induced which regulates the 

expression of the DNA binding protein SarA (173). SarA has been found to bind 

to the ica promoter and lead to an increase in the production of PNAG/PIA (170). 

Decreased transcription of icaADBC has also been demonstrated in purR 

deletion strains, however, the mechanism of how PurR functions as an activator 
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of this locus has yet to be determined since there are no recognizable binding 

sites for PurR on the ica promoter (109).   

As exemplified in Staphylococcus Spp., polysaccharide regulation can 

often be complex and multifactorial. This intricate paradigm is true of the 

regulation of biofilm associated exopolysaccharides in other species such as 

alginate of Pseudomonas, VPS of Vibrio, and PGA of E. coli (11, 66, 143, 176). 

Similar to these polysaccharides, we have found that Bps is expressed at a 

higher level in the biofilm and is regulated by a repressor protein, BpsR. This is 

described in chapter 3 of this manuscript. 

 

Biofilms in Human Infections 

 It has been estimated that biofilms are associated with 65-80% of all 

human bacterial infections and cost billions of dollar every year in their 

prevention and eradication (112). Biofilms have been linked to numerous 

infections including heart valve endocarditis, otitis media, tonsillitis, dental 

carries, chronic lung infections associated with cystic fibrosis and chronic 

obstructive pulmonary disorder, urinary tract infections, and various 

gastrointestinal infections (94). Treatment strategies developed to combat most 

infections are designed to target free swimming metabolically active cells, and 

are often ineffective against biofilms. Therefore, current research targeting 

methods to kill, disrupt, or prevent biofilms inside the host are vital to combating 

this plethora of biofilm related diseases. 
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Biofilms and Persistent Infections 

As mentioned above, biofilms are linked to a variety of diseases in 

humans, many of which can be chronic in nature. Perhaps the most extensively 

studied example of this persistence in a host is the colonization of the cystic 

fibrosis lung by P. aeruginosa. Long term presence of the bacteria in the lung 

eventually leads to compromised lung function and eventual respiratory failure 

(131). Immunohistopathological samples of lung tissue removed from cystic 

fibrosis patients has repeatedly revealed the presence of P. aeruginosa 

aggregates encased in a matrix-like material (6). Multicellular bacterial 

communities have also been observed via transmission electron microscopy. In 

addition, quorum sensing molecules, a hallmark of mature biofilm formation, are 

often recovered from the sputum of individuals afflicted with cystic fibrosis (158). 

Taken together, this data suggests that P. aeruginosa displays a biofilm mode of 

existence in the cystic fibrosis lung which contributes to the chronic 

establishment of the pathogen. 

 Another example of persistent infections associated with biofilm formation 

is the prolonged colonization of implanted medical devices, particularly by 

Staphylococcus. The Staphylococcal species have a unique ability to efficiently 

adhere to abiotic surfaces, including the metals and plastics used in implanted 

medical equipment such as catheters, artificial heart valves and joints, as well as 

others devices (36, 45, 137). Treatment of these infections is often complicated 

due to the recalcitrance of the biofilm to antibiotics, and the restricted ability of 

the immune system to access the site because of the abiotic nature of the device 
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(52). This resistance to clearance often results in the removal of the implanted 

device due to damage of host tissue as a result of the infection or impared 

function of the object due to biofilm accumulation (45). Upon removal of the 

medical device Staphylococci are frequently observed attached to the apparatus 

and encased in thick exopolysaccharide matrix suggesting that the biofilm mode 

of growth has allowed for the persistance of the bacteria on the surface (61). 

Multiple other pathogens have either been shown or hypothesized to form 

biofilms inside humans, including Streptococcus pneumoniae, Haemophilus 

influenzae, Candida albicans, and Escherchia coli (9, 132, 178). It has been 

postulated that a similar lifecycle could exist for Bordetella given that the bacteria 

can cause persistent symptoms lasting up to 100 days as well as asymptomatic 

infections in vaccinated individuals (116). 

 

Bordetella Biofilms 

 While the Bordetella biofilm field is still in its infancy compared to some 

other pathogens like S. aureus and P. aeruginosa, several studies have revealed 

key components necessary for biofilm formation. Our lab and others have 

determined that both B. bronchiseptica and B. pertussis are capable of forming 

biofilms in vitro and that this phenotype is dependent on the BvgAS system (85, 

127). Strains grown under modulating conditions or locked in the Bvg- phase are 

incapable of forming a biofilm and do not progress past the monolayer or 

reversible attachment phase of development (127). However, when the bacteria 

are grown under Bvg+ or Bvgi phase conditions, Bordetella are capable of 
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forming robust mature biofilms on a variety of surfaces (85, 127). This suggests 

that the BvgAS system regulates one or multiple factors that are crucial for the 

development of structured biofilms. In accordance with this finding, one study has 

shown that both FHA and Fim production positively influence biofilm formation 

(85). However, deletion of cyaA, a Bvg+ phase gene, results in an increased 

ability to form biofilms when compared to the wild-type, suggesting that CyaA 

interferes with maximal biofilm development (85). 

 As mentioned above, Bordetella species are capable of expressing the 

Bps polysaccharide that is antigenically similar to poly-β-1-6 N-

acetylglucosamine family of polysaccharides. To date the function of Bps has 

only been examined in animal pathogen B. bronchiseptica. Our laboratory has 

determined that the enzymes necessary for its synthesis are encoded by the 

bpsABCD locus (136). Bps was found to be crucial for biofilm formation in vitro 

on glass surfaces under both static and dynamic growth conditions (136). This 

phenotype translated to in vivo experiments where a ∆bps strain was found to 

form less structured biofilms than the wild-type and shown to have a persistence 

defect in the mouse respiratory tract at extended time points of colonization 

(160). This suggests that Bps production and biofilm formation is necessary for 

the long term carriage of B. bronchiseptica in the mouse respiratory tract. 

 While B. pertussis and B. bronchiseptica are closely related and share 

large similarities in their genomes, it is important to note that B. pertussis has 

evolved from B. bronchiseptica through genome decay and has lost or 

inactivated many potential virulence factors. In light of this, B. pertussis has 
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retained the bps locus which shares 98% homology to B. bronchiseptica at the 

nucleotide level. However, retention of these genes does not mean the exact 

function of the locus is conserved. It is conceivable that Bps could interact with 

other gene products in B. bronchiseptica that are missing in B. pertussis thereby 

changing its function or revealing a phenotype not seen in the other species. The 

function of Bps in B. pertussis pathogenesis is investigated in chapter 2 of this 

manuscript. 
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Summary 

Many respiratory pathogens establish persistent infection or a carrier state in the 

human nasopharynx without overt disease symptoms but the presence of these in 

the lungs usually results in disease. Although the anatomy and microenvironments 

between nasopharynx and lungs are different, a virulence factor with an organ-

specific function in the colonization of the nasopharynx is unknown.  In contrast to 

the severity of pertussis and mortality in non vaccinated young children, Bordetella 

pertussis results in milder and prolonged cough in vaccinated adolescents and 

adults. Individuals harboring bacteria in the nasopharynx serve as reservoirs for 

intra-familial and nosocomial transmission. We show that the Bps polysaccharide of 

B. pertussis is critical for initial colonization of the mouse nose and the trachea but 

not of the lungs. Our data reveal a biofilm lifestyle for B. pertussis in the nose and 

the requirement of Bps in this developmental process. Bps functions as an adhesin 

by promoting adherence of B. pertussis and E. coli to human nasal but not to human 

lung epithelia. Patient serum specifically recognized Bps suggesting its expression 

during natural human infections. We describe the first bacterial factor that exhibits a 

differential role in colonization and adherence between the nasopharynx and the 

lungs.  
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Introduction 

Bacterial pathogens utilize numerous strategies to initiate intimate association with 

their host organisms. These interactions can be beneficial, neutral or harmful to their 

hosts. Association with the respiratory mucosa is a major step that leads to 

successful colonization, multiplication and transmission. While studies of bacterial 

virulence factors have provided significant insights into the development of the 

disease state, little is known about mechanisms that allow bacteria to utilize the 

same hosts as reservoirs without causing disease and subsequent death of the host.  

Among the respiratory tract organs, the human nasopharyngeal cavity serves as the 

primary site for the development of persistent infections for a myriad of bacterial 

pathogens, including the Gram negative bacterium Bordetella pertussis (Hava et al., 

2003, Mattoo & Cherry, 2005, Cole et al., 2001). The yearly number of pertussis 

cases worldwide has been estimated to be in the range of 20-40 million per year 

(Tan et al., 2005). While B. pertussis causes typical acute and life-threatening 

disease whooping cough in very young unvaccinated children (Carbonetti, 2007, 

Cherry, 2005), it can cause prolonged cough with milder symptoms in previously 

vaccinated adolescents and adults (Strebel et al., 2001, Wilson, 2006).  The most 

notable shift in incidence of pertussis cases in many developed countries has been 

in individuals 15 or older and is estimated to exceed more than one million a year 

(Strebel et al., 2001). Family members including siblings and parents have been 

found to serve as sources of infection for unvaccinated young children (Raymond et 

al., 2007).  
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 Despite the well-documented role of nasopharyngeal colonization in the 

development of bacterial disease and the establishment of  persistent infections or 

the carrier state, the identity and the role of bacterial factors that promote naso-

bacterial interactions are poorly understood (Hava et al., 2003, Foster, 2004). While 

it has been argued that differences in anatomical features and microenvironment 

between the nasopharynx and lungs necessitate a specific nasopharyngeal 

colonization factor (Hava et al., 2003), the existence of such a factor is not known.  

 In this report, we have identified one such bacterial factor, the Bps polysaccharide 

of B. pertussis. The Bordetella bps locus is critical for the synthesis of a 

polysaccharide that is similar to the poly-β-1,6-N-acetylglucosamine polysaccharides 

(PGA/PIA/PNAG) synthesized by multiple pathogens and other bacteria (Vuong et 

al., 2004b, Kropec et al., 2005, Choi et al., 2009, Wang et al., 2004, Izano et al., 

2007b, Izano et al., 2007a, Hinnebusch et al., 1996, Parise et al., 2007). We show 

that Bps is essential for colonization of the mouse nose and the trachea. Strikingly, 

we found that it did not appear to be critical for early lung colonization. Consistent 

with these in vivo data, lack of Bps led to a deficiency in binding to the human nasal 

epithelial cells but not to the human lung epithelial cells. We also examined the 

ability of B. pertussis and the role of Bps in mediating the formation of biofilms, a 

developmental mode that is frequently associated with prolonged bacterial survival 

in hosts (Parsek & Singh, 2003, Hall-Stoodley & Stoodley, 2009). Data presented 

herein provide the first evidence of a biofilm-lifestyle for B. pertussis in the 

mammalian nose. We conclude that by functioning as an adhesin to the nasal-

epithelial cells, Bps promotes the formation of biofilms at this site. Sera from patients 
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that were culture positive or linked to a culture-positive individual recognized Bps, 

suggesting its expression during natural infection. These results highlight the 

importance of Bps in B. pertussis pathogenesis during human infections. We believe 

that Bps is the first bacterial factor that is essential for initial colonization of the nasal 

cavity but not of the lungs.  
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Results 

The B. pertussis bps locus is required for the production of the Bps polysaccharide.  

The B. pertussis bpsABCD locus is homologous to bacterial loci involved in the 

synthesis of poly-β-1,6-N-acetylglucosamine polysaccharides (Vuong et al., 2004b, 

Kropec et al., 2005, Choi et al., 2009, Wang et al., 2004, Izano et al., 2007b, Izano 

et al., 2007a, Hinnebusch et al., 1996, Parise et al., 2007). Previously, we have 

shown that B. pertussis expresses a polysaccharide that is recognized by an 

antibody raised to a conjugate of deacetylated PNAG from S. aureus (Parise et al., 

2007). To determine the genetic basis of the synthesis of this polysaccharide, we 

generated the ∆bps strain, harboring a non-polar in-frame deletion of the bps locus 

(see Experimental Procedures). Since we have not yet been able to successfully 

raise antibodies against Bps, we utilized the anti-dPNAG antibody (Maira-Litran et 

al., 2005) in immunoblot assays to compare the mutant strain to Bp 536 for the 

production of a PNAG-like material. As shown in Fig. 1A, deletion of the bps locus 

resulted in the production of very low levels of the immuno-reactive material. 

Transformation of the ∆bps strain with a broad host range plasmid containing the 

entire bps locus (∆bpscomp) resulted in both the restoration and hyperexpression of 

the immuno-reactive material. As expected, the ∆bps strain containing the vector 

plasmid alone (∆bpsvec) produced little of the PNAG-like material. The residual 

immuno-reactive material that is observed in the ∆bps and the ∆bpsvec strains 

probably represents some other material that is weakly cross-reactive with the 

dPNAG antibody. These results confirm the involvement of the bps locus in the 

synthesis of a polysaccharide that is antigenically similar to S. aureus dPNAG.  
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The bps locus is critical for B. pertussis biofilm development. 

We and others have previously shown that B. pertussis forms biofilms on abiotic 

surfaces (Serra et al., 2007, Mishra et al., 2005). No information is available on the 

factors that promote B. pertussis biofilm development. Based on the demonstrated 

role of bps-like loci in the growth and maturation of bacterial biofilms (Wang et al., 

2004, Maira-Litran et al., 2005, Cramton et al., 1999, Vuong et al., 2004a, 

Hinnebusch et al., 1996, Choi et al., 2009, Parise et al., 2007), we utilized three 

independent assays to determine the contribution of this locus in B. pertussis biofilm 

formation on different abiotic surfaces (glass and plastic) and under different 

conditions (static vs. continuous flow).  

 

Crystal violet assay.  

Bp 536 does not grow well in 96 well microtitre plates under shaking or static 

conditions (Mishra et al., 2005). In order to utilize the commonly used crystal violet 

microtitre plate assay (O'Toole & Kolter, 1998) to quantitate the biofilm biomass of B. 

pertussis, we cultured these strains in twelve well tissue culture plates and examined 

the adherence to the polystyrene surfaces in a time-dependent manner. Compared 

to Bp 536, the ∆bps strain was defective in its ability to form biofilms at 24h (Fig. 

1B). Even after 72h of growth in the culture plates, the biofilm biomass of the ∆bps 

strain remained only slightly above the background level of staining. The reduction in 

biofilm biomass of the ∆bps strain is not due to slower growth, since this strain 

grows similar to Bp 536 under both shaking and static conditions (data not shown).  
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We also examined the ∆bpscomp and the ∆bpsvec strains in the CV assay. These 

strains were cultured in the presence of chloramphenicol, since growth without this 

antibiotic caused plasmid loss in greater than 50% of the bacterial cells by 24h (data 

not shown). Surprisingly, we found that presence of chloramphenicol led to a slower 

growth of both these strains under shaking conditions (Fig. S1). When grown 

statically in tissues culture plates, these strains grew even slower (data not shown).  

Therefore, to demonstrate complementation of the biofilm defect observed in the 

∆bps strain, we directly compared biofilms formed by the ∆bpsvec and the ∆bpscomp 

strains. On culturing for extended periods (96 and 144h), while the biofilm biomass 

formed by the ∆bpsvec strain did not increase significantly, a four fold increase was 

observed for the ∆bpscomp strain (Fig. 1C), suggesting that complementation of the 

∆bps mutant restores biofilm formation in the 12 well plates. Note that the reduction 

in biofilm biomass of the ∆bpsvec strain is not due to slower growth, since this strain 

grows similar to ∆bpscomp under both shaking and static conditions (Fig. S1 and data 

not shown). 

 

Microscopic analyses of B. pertussis biofilms on abiotic surfaces. 

Scanning electron microscopy (SEM) was used to analyze the impact of Bps on B. 

pertussis biofilm architecture. Bacterial strains were cultured on glass coverslips and 

the kinetics of biofilms formed at the air liquid interface was examined. After 24h of 

growth, both Bp 536 and the ∆bps strains were present as scattered single cells 

(Figs. 2A and 2B, respectively). At 96h, while Bp 536 displayed a complex multi-

layered three dimensional structure that was characteristic of bacterial biofilms (Fig. 



65 
 

2C), the mutant strain continued to remain as single cells with large regions of the 

coverslip remaining unoccupied (Fig. 2D). As expected, SEM of biofilms formed by 

the ∆bpscomp strain resulted in the restoration of the multicellular appearance of the 

bacterial cells as observed for the wild type strain (Fig. 2E), while the ∆bpsvec strain 

was observed on the coverslips as single cells (data not shown). 

 To further examine how Bps influences the biofilm architecture, biofilms formed in 

flow cells under constant medium flow were examined. The advantage of a flow cell 

system is that it allows for the continuous analyses of live fully hydrated biofilms 

grown on glass coverslips by confocal microscopy (Heydorn et al., 2000). After 

injection of equal numbers of either Bp 536 or the ∆bps cells harboring the GFP 

plasmid pGB5P1, flow cells were incubated for 12h to allow efficient adherence to 

the glass cover slips. The flow of the growth medium was then resumed and the 

dynamics of biofilm development was visualized by confocal microscopy over a 

period of 72h.  

 After 24h of flow, there were no significant differences between Bp 536 and the 

∆bps strains in either the biofilm thickness or the confluence of the cells (Fig. 3). At 

this time point, both these strains existed in the form of a monolayer across the 

cover slip with no evidence of a structured biofilm. At later time points (48 and 72h 

after the initiation of the flow), Bp 536 continued to increase in thickness and density 

resulting in a highly structured biofilm. In contrast, the ∆bps strain displayed a 

severe defect in biofilm formation. Notably, after 72h of continuous flow, there were 

very few cells of the mutant strain that remained adherent to the glass slide (Fig. 3, 

compare top right panel with the bottom right panel). This demonstrates that while 
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the ∆bps strain is still able to attach to the glass surface at early time points, it may 

be a transient interaction that prevents stable biofilm formation. Collectively, these 

results suggest that B. pertussis Bps functions to promote the complex architecture 

and stability of the biofilm. 

 

B. pertussis exists as a community in the mouse nose. 

Despite widespread and very efficient vaccination, B. pertussis is found to colonize 

the nasopharynx of older children and adults (Strebel et al., 2001, Wilson, 2006). We 

hypothesized that the survival and persistence of B. pertussis in the human 

nasopharynx is due to the formation of biofilms. To investigate this form of existence 

in an experimental mouse model of infection (Carbonetti et al., 2005, Kirimanjeswara 

et al., 2005), nasal septa from mice inoculated intranasally with PBS, Bp 536 or with 

the ∆bps strain were probed for B. pertussis and the respiratory epithelium followed 

by visualization by CSLM  (See Experimental Procedures). As shown in Fig. 4A, Bp 

536 existed as distinct clusters of cells resembling towers or pillars on the apical 

surface of the epithelium, which are similar to bacterial biofilms formed on abiotic 

surfaces (Kuchma & O'Toole, 2000). Although the majority of the epithelium stained 

positive for B. pertussis, the height and the distribution of the tower-like structures 

varied considerably suggesting the formation of focal biofilms. Sera from PBS-

infected mice or the secondary antibody alone did not cross-react with nasal tissues 

(data not shown), confirming the identity of the biofilms as Bordetella. Nasal septa 

from mice infected with PBS or with the ∆bps strain displayed reactivity to actin only 

(Fig. 4A).  
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 Independent evidence of nasal biofilms was obtained by SEM. Nasal septa 

harvested from Bp 536-infected mice revealed adherent micro-colony structures 

consistent with bacterial forms which were encased in a matrix-like material (Fig. 4B, 

top right and bottom left). Similar to that observed with CSLM, these bacterial 

clusters were interspersed. On some regions of the nasal septum, the bacterial 

microcolonies were separated, while at other regions confluent layers of bacteria 

obscured the underlying cilia. The inability to visualize cilia in the B. pertussis-

infected mice is probably due to dense coverage by the bacterial cells and the 

associated matrix material. Consistent with this, during infection of organ cultures of 

human nasal turbinates, Bp 536 obscured cilia (Soane et al., 2000). Another 

possibility is that Bordetella-specific factors like tracheal cytotoxin and pertussis toxin 

(PT) are resulting in the senescence of the ciliated cells (Heiss et al., 1993).  

 Micro or macro colony like structures were not observed on nasal septa harvested 

from mice inoculated either with PBS (Fig. 4B, top left panel) or infected with the 

∆bps strain (Fig. 4B, bottom right panel). The nasal epithelia harvested from these 

animals had a tissue surface mainly composed of ciliated cells. The lack of damage 

to the host epithelium in ∆bps-infected animals probably reflects the failure to detect 

any bacteria associated with the nasal tissue.  

 

Production of Bps by B. pertussis during mouse infection.  

A defining characteristic of mature bacterial biofilms is the presence of an 

extracellular matrix (Branda et al., 2005, Parsek & Singh, 2003). We reasoned that if 

the observed micro and macro-colonies of B. pertussis were truly in the form of 
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biofilms, then Bps will be produced within these biofilms. We stained infected mouse 

nasal septa for B. pertussis and Bps. Our results demonstrate that the Bps stain 

(red) co-localized with the majority of B. pertussis biofilm cells (green) (Fig. 4C). The 

intensity of the Bps stain was higher in areas of the nasal septum where the 

bacterial cells were present in the form of microcolonies or in a community-like 

structure. In contrast, the intervening areas corresponding to diffused cells showed 

very little to no staining. Most importantly, the detection of an extruded 

polysaccharide along with the observation of distinct architectural features of the 

bacterial cells further confirmed the biofilm nature of B. pertussis in the nasal cavity. 

Tissues from mice inoculated with PBS (Fig. 4C, right panel) or the ∆bps strain 

displayed little cross reactivity to Bps (and data not shown). Sera from PBS-

inoculated mice, heterologous goat sera or the secondary antibody alone did not 

cross-react with nasal tissues (data not shown). Taken together, data from Fig. 4 

confirm the biofilm nature of B. pertussis in the mouse respiratory tract.  

 

Role of the B. pertussis bps locus in colonization of the mouse respiratory tract. 

Based on the essential requirement of Bps in the development of nasal biofilms, we 

hypothesized that Bps will contribute to the colonization of the mouse nares. By 

utilizing the intranasal inoculation protocol that leads to the seeding of the entire 

respiratory tract (Carbonetti et al., 2005, Kirimanjeswara et al., 2005), we also 

assessed the colonization of the trachea and the lungs along with that of the nasal 

cavity. Compared to Bp 536, the ∆bps strain was obtained from the nose and the 

trachea at lower numbers for all time-points examined (Fig. 5). Even as early as six 
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hours post-inoculation, the numbers of the ∆bps strain in the nose and the trachea 

were either at or below the lower limit of detection. While there was a slight increase 

in the cfus of this strain at 24h and 3 days in the trachea, it was rapidly cleared from 

the nose at these time-points. Although for the first three days there was a 

statistically significant reduction in the numbers of bacteria harvested from the lungs 

of mice infected with the ∆bps strain, greater than 104 cfus of the mutant strain were 

still detected in the lungs. Strikingly, at seven days post-inoculation, the mutant 

strain colonized the lungs at numbers that were similar to that of the wild type strain 

(Fig. 5). Overall these data suggest that while B. pertussis Bps is crucial for initial 

colonization of the mouse nose and trachea, it is not essential in early stages of lung 

colonization.  

 

Bps functions as a nasal adhesin.  

One mechanism by which Bps may lead to initial colonization and subsequently 

promote biofilm formation in the nose is by mediating attachment of B. pertussis to 

the nares. On the basis of the mouse colonization data, we further hypothesized that 

while Bps will promote attachment of B. pertussis to nasal epithelial cells, it will have 

a minor role in adherence to lung epithelial cells. Adherence assays were carried out 

with immortalized epithelial cell-lines originating from the human nasal septum 

(RPMI 2650) and human lungs (A549). The nasal cell line RPMI 2650 has several 

characteristics that are closely related to those of the normal human nasal 

epithelium and has been used in a number of model systems including binding of 

bacteria to epithelial cells (Merkle et al., 1998). The ∆bps mutant adhered at 
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significantly lower numbers to RPMI 2650 than did Bp 536 (Fig. 6A). In contrast, 

there were no statistically significant differences in the adherence of either of these 

strains to A549 or to the rat lung epithelial cell line, L2 (Fig. 6A). Both L2 and A549 

have previously been used to study Bordetella attachment to epithelial cells and also 

for other aspects of pathogenesis (Kuwae et al., 2003, Cotter et al., 1998, Lamberti 

et al., 2009). These data indicate that while Bps is essential for promoting 

attachment to nasal epithelial cells, it is not required for binding to the lung epithelial 

cells. It is also apparent from Fig. 6A, that both Bp 536 and the ∆bps mutant 

exhibited a higher degree of adherence to the human epithelial cell lines than to L2 

cells. This is consistent with the demonstrated tropism in adherence of Bordetella 

spp. to respiratory cells. It has been previously shown that while B. pertussis and B. 

parapertussis adhere better to cell originating from humans, B. bronchiseptica 

demonstrates preferential adherence to nonhuman cells (Tuomanen et al., 1983).   

 If Bps has a specific role in attachment to the nasal epithelial cell line, then it should 

be possible to block adherence of Bp 536 to RPMI 2650 using the anti-dPNAG 

antibody that specifically recognizes Bps (Fig. 1A). Pre-incubation of Bp 536 with 

this antibody resulted in an inhibition in the attachment of B. pertussis to RPMI 2650 

cells (Fig. 6B) whereas the isotype antibody control or non-specific sera did not have 

any significant effect (Fig. 6C, and data not shown). The somewhat modest 

reduction in the attachment (40-50%) of Bp 536 to RPMI 2650, despite an increase 

in the antibody concentration from 1% to 10%, is probably because of the inability of 

the heterologous antibody raised against S. aureus dPNAG to completely inhibit 

attachment. In contrast to that observed for RPMI 2650, prior incubation of Bp 536 
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with the anti-dPNAG antibody or the goat IgG control failed to significantly block the 

adherence to A549 (Fig. 6D).  

 To further define the role of Bps as a nasal adhesin, we conducted adherence 

assays with nasal septa extracted from naïve mice. Compared to Bp 536, which 

attached at an efficiency approximating 70% of the inoculum, only 22% of the mutant 

bacteria bound to the nasal septum. The presence of the plasmid containing the bps 

locus ameliorated the attachment defect of the ∆bps strain, whereas the presence of 

the vector plasmid had no significant effect (Fig. 7).  

 

Ectopic expression of Bps in E. coli confers the ability to attach to nasal epithelia.  

We also expressed Bps in an E. coli strain that lacks the pga locus, which is a 

homolog of the bps locus. Expression of Bps by the ∆pga strain led to a significantly 

higher level of attachment to RPMI 2650 compared to that containing the expression 

vector alone (Fig. 8). However, there were no significant differences between these 

two E. coli strains in adherence to A549 cells (Fig. 8). These data clearly 

demonstrate that while Bps directly mediated adherence to nasal epithelial cells, its 

expression alone was not sufficient to increase the binding of E. coli to lung epithelial 

cells.  

 

Bps binds to human nasal epithelial cells.  

To demonstrate direct binding of Bps to the nasal epithelial cells, we incubated 

RPMI 2650 with Bps followed by detection of bound Bps by confocal microscopy. 

We observed that Bps bound to the surface of RPMI 2650 cells in a predominantly 
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punctuate manner, whereas a mock-purified preparation did not show any binding. 

Consistent with the above results which showed that lack of Bps from B. pertussis or 

heterologous expression of Bps in E. coli had no effect on adherence to the lung 

epithelial cell line, incubation of A549 cells with the Bps preparation revealed no 

significant binding (Fig. 9). These results further substantiate a cell-specific 

interaction between Bps and nasal epithelia. In combination, results from the above 

experiments strongly suggest that Bps imparts a nasal epithelial adhesive function to 

B. pertussis. 

 

Expression of Bps during natural human infections.  

The experiments presented above clearly demonstrate that Bps is expressed in the 

mouse nasal cavity and promotes colonization of the nose and the trachea. B. 

pertussis is a strict human pathogen with no other reservoir and mice are not natural 

hosts for B. pertussis. To determine the expression of Bps in human hosts, we 

screened sera obtained from people either culture positive or epidemiologically 

linked to a culture positive contact for antibody reactivity to Bps. Immunoblot 

analyses using the Bps preparation revealed that ten of eleven human serum 

samples tested, reacted with a high molecular weight material that barely entered 

the resolving gel during extended electrophoresis (representative results from three 

individuals are shown in Fig. 10). The anti-dPNAG antibody also recognized a 

similarly sized band (Fig. 10). Lack of detection of this material from mock purified 

preparation (Fig. 10, mock lanes) by either the human sera or the anti-dPNAG 

antibody further confirms the identity of this band as Bps. We also examined normal 
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human sera for reactivity against Bps and against B. pertussis antigens in an 

immunoblot assay. While five of these sera displayed high cross-reactivity against 

multiple B. pertussis antigens and Bps, three were found to have very low reactivity 

against pertussis antigens and correspondingly did not react with Bps (data not 

shown). Our results are similar to a recently published report where some of the sera 

from normal donors recognized B. pertussis antigens (Brickman et al., 2008). 

Presently, it is not possible to completely exclude that the observed recognition of 

Bps was because of cross-reactivity from similar polysaccharides from other bacteria 

that may have infected these individuals. Nonetheless, the detection of Bps by 

human sera provides reasonable evidence that Bps is expressed during human 

infections. 
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Discussion 

A detailed knowledge of the adherence mechanisms to host surfaces is a 

prerequisite towards an advanced understanding of bacterial colonization and 

ultimately the establishment of persistent infections or the carrier state. The human 

nasopharyngeal cavity serves as a major reservoir for many bacterial pathogens 

(Murphy et al., 2009, Foster, 2004). Although colonization of the nasopharynx by 

these bacteria mainly leads to asymptomatic infections, it is often a major risk factor 

for the pathogenesis of infections. We are studying the members of the Bordetella 

species with a goal towards understanding the role of bacterial factors in promoting 

respiratory tract survival. Several recent studies have documented that B. pertussis 

can persist in the nasopharynx of children and adults (Strebel et al., 2001, Wilson, 

2006). Adults and adolescents harboring B. pertussis in the nasopharynx are 

responsible for familial transmission to infants and young children, in whom the 

disease is severe and sometimes lethal (Raymond et al., 2007). In human subjects 

and organ cultures of human tissues (Soane et al., 2000), B. pertussis is found to 

mainly colonize the ciliated epithelial cells of the nares. In rodent infections, while 

many B. pertussis virulence factors are essential for colonization of the lower 

respiratory tract, none of these factors have been demonstrated to have a marked 

impact on colonization of the nose (Carbonetti et al., 2005, Harvill et al., 1999, 

Alonso et al., 2002, Geuijen et al., 1997).  

 In this report, we show that the B. pertussis Bps polysaccharide is essential for 

colonization of the mouse nose and the trachea. In contrast, Bps plays a non-

essential role in lung colonization. It is generally believed that colonization of the 
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nose and the trachea is a prerequisite for both initiation and perpetuation of infection 

in the lungs. Thus our finding of that Bps is not required for initial colonization of the 

lungs compared to that of the nose and the trachea is quite unusual and has not 

been observed in case of respiratory pathogens. For bacterial pathogens that are 

frequent colonizers of the nose, while many factors have been shown to be critical 

for nasal colonization, their role in promoting lung colonization or attachment to the 

lung epithelia is not known (Cole et al., 2001, Weidenmaier et al., 2004). In case of 

S. aureus, while multiple surface-exposed factors like Wta (wall teichoic acid), 

clumping factor B, and iron regulated surface protein A are critical for colonization of 

rodent nasopharynx, their role in lung colonization has not been examined (Corrigan 

et al., 2009, Schaffer et al., 2006). Similarly, while type IV pili of Moraxella catarrhalis 

has been shown to promote colonization of the chinchilla nasopharynx, its role in 

lung colonization is not known (Luke et al., 2007). In instances where such a 

differential role has been experimentally determined, these factors have also been 

found to be essential for efficient lung colonization and adherence. Mutants lacking 

pneumococcal surface protein A and pneumolysin were found to be deficient in 

colonization of both the nasopharynx and the lungs (Ogunniyi et al., 2007). Similarly, 

a S. aureus mutant defective in the production of Wta attached less efficiently to 

both nasal and lung epithelial cells (Weidenmaier et al., 2004). Thus, we believe that 

Bps represents the first bacterial factor that is essential for promoting efficient early 

stage colonization of the nose but not the lungs.  

 Bps is a surface polysaccharide of B. pertussis and one mechanism by which it may 

confer the observed cellular tropism between nose and the lungs is by promoting 
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differential adherence to the respective respiratory epithelia. The bps mutant, when 

compared to Bp 536, was found to be highly attenuated in attachment to the human 

nasal epithelial cell line, RPMI 2650. In contrast, there were no significant 

differences in the binding of these strains to lung epithelial cell lines of rat and 

human origin. Adherence assays conducted with nasal explants further strengthen 

the adhesive function of Bps for the nasal epithelial cells. In the present study, we 

further demonstrate a direct interaction between Bps and nasal epithelial cells, since 

Bps bound to the nasal but not to the lung epithelial cell line. One determinant of the 

observed tropism in epithelial cell adherence could be that nasal epithelial cells 

exclusively express a Bps-binding surface receptor that is not expressed on lung 

epithelial cells. We are currently exploring the presence of a Bps-specific nasal 

receptor. Identification of such a mammalian receptor will enable a better 

understanding of the interactions between B. pertussis and the nasopharynx. 

 Despite the unequivocal importance of chronic bacterial infections in disease 

pathogenesis, there is a dearth of knowledge on the mechanisms that lead to their 

establishment and maintenance. Our data provide the first potential mechanistic 

explanation for the continued presence of B. pertussis in the human nasopharynx. 

We show that in an experimental infection setting, B. pertussis exists in the form of 

biofilms in the mouse nose. The in vivo biofilm state has been defined by us and 

others as a surface-adherent community of bacteria that are covered by a matrix 

material and are resistance to host clearance (Sloan et al., 2007, Parsek & Singh, 

2003, Hall-Stoodley & Stoodley, 2009). We have found clear evidence by two 

independent techniques of the presence of Bordetella communities attached to the 
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nasal epithelium. We also show that these biofilm-like structures are characterized 

by the production of the Bps polysaccharide, which co-localized with the bacterial 

cells. Consistent with the essential role of Bps in attachment to the nasal septum, 

the bps mutant failed to display any evidence of biofilms in the nose.  

 The production of the biofilm matrix consisting of Bps and the development of 

sporadic microcolonies in the form of focal biofilms may allow Bordetella to develop 

specific areas of residence in the nasopharynx thereby allowing for increased 

survival. In the intranasal mouse model of infection utilized here, the Bp 536 strain of 

B. pertussis is not completely cleared from the nose until a month following 

inoculation. Additionally, the biofilm-borne bacteria possess physicochemical 

properties distinct from those of the planktonic cells. When in the biofilm mode, 

bacteria are protected from host defenses and become resistant to multiple 

antimicrobial agents, e.g., antibiotics, reactive oxygen species, and detergents 

(Anderson & O'Toole, 2008, Lewis, 2007). Thus, we propose that the biofilm-like 

attributes observed for B. pertussis in the mouse nose afford resistance to clearance 

by host immune mechanisms. 

 We have previously examined the function of Bps in biofilm development and 

respiratory tract colonization of B. bronchiseptica, an animal pathogen and an 

evolutionary progenitor of B. pertussis (Parise et al., 2007, Sloan et al., 2007). 

Comparison of the results from these studies with that of the current study, suggests 

that with respect to biofilm formation on abiotic surfaces, Bps performs similar 

functions. In both these species, Bps is not essential at the initial stages of biofilm 

formation but is required for the stability and the maintenance of the complex 
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architecture of biofilms. However, with respect to host colonization and biofilm 

development in the nose, Bps appears to function in a mechanistically different 

manner. In contrast to the presently observed role in early nasal colonization of B. 

pertussis, Bps promotes persistent colonization of B. bronchiseptica in the mouse 

nose. B. pertussis has evolved from B. bronchiseptica through genome decay 

resulting in a loss of nearly 1 Mb of genome and inactivation of a large number of 

ORFs (Parkhill et al., 2003). We hypothesize that if Bps has a role in early 

respiratory colonization and cell attachment of B. bronchiseptica, we were unable to 

resolve this in our assays because of the presence of multiple or redundant 

adhesins. Consistent with this hypothesis, it has been shown that FHA of B. 

bronchiseptica plays a role in the colonization of non-ciliated respiratory epithelia 

(Irie & Yuk, 2007). In addition, we have previously shown that two outer membrane 

proteins of B. bronchiseptica, BipA and BcfA, have a combinatorial role in 

colonization of the rat trachea (Sukumar et al., 2007).   

 The ability of B. pertussis to form biofilms in mice implicates a role for this mode of 

existence during human infections. We hypothesize that biofilm formation in the 

human nasopharynx allows B. pertussis to escape immune defenses and ultimately 

serve as reservoirs for transmission of the organism to unvaccinated infants and 

children (Tan et al., 2005). A principal impediment towards the development of 

improved vaccines for B. pertussis and other bacterial pathogens is a gap in our 

understanding of factors that promote colonization in the nasopharynx. A potential 

reduction in nasal colonization will disrupt the cycle of transmission and thereby the 

incidence of infection and disease. For B. pertussis, while the current pertussis 
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vaccines have been remarkably successful in the prevention of the severe disease, 

these do not prevent colonization of the nasopharynx. The finding in the present 

study that Bps is expressed during human infection leads us to believe that 

therapeutic interventions aimed at targeting or inhibiting Bps synthesis will eliminate 

B. pertussis from asymptomatic carriers and will have profound impact on the 

familial and adult transmission to infants and young children.  

 In conclusion, we have identified a novel function for the Bps polysaccharide in 

adherence to the nasopharynx, a conserved site of chronic residence for a multitude 

of bacterial pathogens like Streptococcus pneumoniae, S. aureus and Haemophilus 

influenzae (Murphy et al., 2009, Foster, 2004). The production of Bps-like 

polysaccharides and a functional role for this family of polysaccharides in biofilm 

development is conserved in a number of bacterial pathogens unrelated to 

Bordetella spp., (Wang et al., 2004, Maira-Litran et al., 2005, Cramton et al., 1999, 

Vuong et al., 2004a, Hinnebusch et al., 1996, Choi et al., 2009, Parise et al., 2007, 

Sloan et al., 2007) thus suggesting not only a common mechanism of pathogenesis 

but potentially the development of widely applicable preventive or prophylactic 

measures.  
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Experimental procedures 

Bacterial strains and growth conditions.   

Bp 536 was utilized as the parental wild type strain of B. pertussis (Mishra et al., 

2005). The E. coli strain TRXWMG1655 containing a deletion in the pga locus 

(Wang et al., 2004) was used as the surrogate host for attachment assays. 

B. pertussis strains were maintained on Bordet-Gengou agar (BG) supplemented 

with 7.5% defibrinated sheep blood. Liquid cultures were grown in Stainer-Scholte 

(SS) broth with supplement and heptakis (2,6-di-O-methyl-β-cyclodextrin) as 

described (Parise et al., 2007). E. coli strains were grown in Luria-Bertani medium. 

As necessary, the various growth media were supplemented with the appropriate 

antibiotics, chloramphenicol (10µg ml-1), kanamycin (25µg ml-1) and streptomycin 

(50µg ml-1). 

 

Construction of the ∆bps strain.   

An in-frame non-polar deletion of the entire bpsABCD locus (ORFs; Bp1941-

Bp1944) was constructed using allelic exchange as previously described by 

utilizing the plasmid pGP8 (Parise et al., 2007, Sukumar et al., 2007). This 

plasmid was constructed by ligating upstream and downstream regions flanking 

5’ to the bpsA  and 3’ to the bpsD ORFs  for allelic exchange. The upstream 

region was amplified using primers GP1 (ctagtctagaggcgaaattataccgcgtt) and 

GP2 (cccaagcttccccgccaccagcagccgagt) while the downstream region was 

amplified using primers GP3 (cccaagcttcagcggcaacccgacggacgcat) and GP4 

(cggggtaccgggcgcggctgctgctgcagg). Allelic exchange utilizing the resultant 
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plasmid led to an in-frame deletion of the entire bps locus except the first 20 

codons of the bpsA ORF and the last 20 codons of the bpsD ORF. The plasmid 

pGP8 was transformed into the E. coli strain SM10λpir and mobilized into Bp 

536. Exoconjugates were selected on BG agar containing chloramphenicol and 

streptomycin. Colonies that underwent second recombination events were 

selected on BG agar containing 7.5% sucrose as described previously (Sukumar 

et al., 2007). The genotype of the ∆bps strain was confirmed by PCR and DNA 

sequencing of the PCR product.  

 

Genetic complementation of the bpsABCD locus in B. pertussis and E. coli. 

The plasmid pMM11(Parise et al., 2007) containing the entire bps locus was utilized 

for complementation. Cognate strains containing the parent vector plasmid 

pBBR1MCS were used as negative controls.   

 

Construction of GFP strains.   

The previously described GFP plasmid pGB5P1 (Weingart et al., 1999) was 

transformed into either Bp 536 or the ∆bps strains by electroporation and the 

recombinants were selected on BG agar containing kanamycin. Randomly picked 

colonies containing pGB5P1 were grown in SS broth with kanamycin and were 

analyzed for GFP expression utilizing a Nikon Eclipse TE300 inverted microscope. 

One of the GFP-expressing clones corresponding to each of the strains was chosen 

for experimental analysis. Comparison of the GFP-expressing strains with the 
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respective parental strains not containing the plasmids revealed no differences in 

growth in batch cultures or colony morphology on BG agar containing blood.  

 

Detection of Bps by Immunoblot 

Crude exopolysaccharide extracts were prepared using a previously described 

method for purification of PNAG in Staphylococcus species (Kropec et al., 2005). 

Approximately, 5x109 cells of different strains grown for three-four days at 37oC in 

broth culture were harvested by centrifugation, resuspended in 100 µl of 0.5M EDTA 

and boiled for 5 min at 100oC. Cells were removed by centrifugation and the 

supernatant was treated with 1mg ml-1 of pronase for 3h at 37oC. At the end of the 

incubation period, samples were heated to 85oC for 15 min to inactivate the pronase. 

5µl of the extract was spotted on a nitrocellulose membrane and allowed to dry 

overnight. The membrane was blocked with 5% nonfat milk and probed with a 

1:5000 dilution of a goat antibody raised against S. aureus dPNAG conjugated to 

diphtheria toxoid (Maria-Litran 2005). A secondary mouse anti-goat IgG antibody 

conjugated to horseradish peroxidase (Pierce) was used at a concentration of 

1:20,000 for detection in conjunction with the Amersham ECL (enhanced 

chemiluminescence) Western blotting system. 

 

Crystal Violet Assay 

B. pertussis strains were inoculated at an OD600 of 0.1 into 12 well tissue culture 

plates containing 1.5ml of supplemented SS broth and heptakis and incubated at 

37oC under static conditions. At each time point, the nonattached and loosely 
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adherent bacteria were removed by discarding the media and the wells were 

vigorously washed three times with water. Adherent cells were then stained with a 

0.1% solution of crystal violet (CV) incubated at room temperature for 30 min and 

the washing process was repeated. The CV staining the cells was solubilized with 

95% ethanol. Biofilm formation was quantitated by measuring the OD540 for each well 

by transferring 100 µl of the solubilized CV stain to a fresh polystyrene microtiter 

dish. 

 

Scanning Electron Microscopy 

B. pertussis strains were inoculated at an OD600 of 0.1 into the wells of 12 well tissue 

culture plates, each containing 1.5ml of supplemented SS broth and heptakis. A 

sterilized glass coverslip was suspended vertically against the walls of each well and 

incubated at 37oC. After incubating for the designated time points, the coverslips 

were removed, washed gently with sterile PBS and fixed with 2.5% glutaraldehyde 

for SEM processing as previously described (Parise et al., 2007, Swords et al., 

2004).  

 A similar procedure was used for visualizing biofilms formed in vivo. Nasal septa 

were harvested from mice infected with PBS-inoculated or Bordetella-infected 

animals, washed with PBS and processed for SEM.   

 

Continuous flow confocal microscopy.  

Three-chambered flow cells were obtained as sterile units from Stovall. 500µl 

suspensions of B. pertussis strains at an OD600 of 0.5 were inoculated into the 
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chambers using sterile 25 5/8 gauge needle. Cells were allowed to attach to the 

chamber without flow for 12h at 37 °C. After attachment, the chamber was inverted 

and medium flow (SS broth containing 25 µg ml-1 of kanamycin) was initiated at a 

rate of 0.5 ml min-1. Biofilms were observed every 24h using a Ziess LSM 510 

confocal scanning laser microscope as described (Parise et al., 2007).   

 

Animal Colonization.   

Six to eight week old female C57BL/6 mice obtained from Jackson laboratory were 

used for all experiments. Mice were infected intranasally with 5x105 cfus of Bp 536 

or the ∆bps mutant suspended in a 50µl droplet of PBS. At designated time points, 

mice were sacrificed and nasal septum, trachea, and two lobes of the lungs were 

harvested, homogenized and plated on BG agar containing 7.5% blood and 

streptomycin for colony counts. All animal procedures were conducted according to 

protocols approved by University Committee on the Care and Use of Animals at the 

Wake Forest University Health Sciences. Statistical significance was determined by 

the unpaired two tailed student’s t- test and data were determined to be significant if 

p<.05. 

 

Confocal Microscopy.   

Nasal septa were harvested and placed immediately in 10% neutral buffered 

formalin for fixation overnight. Formalin was removed and the nasal septa were 

washed twice with PBS. Tissues were blocked for 30 min with 10% normal donkey 

serum (NDS), incubated with 1:200 dilution of rat anti-Bordetella serum at room 
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temperature for 2h with shaking followed by extensive washing with PBS. The goat 

anti-rat IgG antibody conjugated to Alexa-flour 488 was added for 2h with shaking. 

The tissues were then washed with PBS as before and fixed with formalin for 30 min 

to prevent antibody separation. After removal of formalin, tissues were washed 

briefly with PBS to remove any traces of the fixative followed by the addition of 0.1% 

Triton X-100 for 5 min to permeabilize the tissues. A 1:40 dilution of Alexa fluor 633 

labeled phalloidin, which binds to cellular actin was added, incubated for 1h with 

shaking followed by washing with PBS. The tissues were then mounted in ProLong 

Gold anti-fade reagent in four-chambered cover glass. Samples were viewed using 

Zeiss LSM 510 confocal scanning laser microscope.  

 A similar staining procedure was used for observing in vivo Bps production except 

that a 1:500 dilution of the anti-dPNAG antibody and an anti-goat IgG conjugated to 

Alexa-fluor 633 was utilized. 

 

Attachment to immortalized cell lines and explants.   

A549, L2 and RPMI 2650 cells were grown in DMEM supplemented with 10% FBS 

and 4mM L-glutamine at 37oC under 5% CO2. A549 cells were originally isolated 

from a 58 year old cancer patient in 1972 and express numerous morphological 

characteristics similar to type II pneumocytes including lamellar body formation as 

well as expressing various cytokeratins and phospholipid markers traditionally 

expressed by lung epithelial cells (Nardone & Andrews, 1979). L2 cells are 

immortalized rat lung epithelial cells which also have shown numerous type II 

pneumocyte phospholipid markers and express copious amounts of surfactant 
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(Douglas et al., 1983). RPMI 2650 cells were originally isolated from a human with 

squamous cell carcinoma of the nasal septum. These cells closely represent the 

human nasal epithelia in terms of their karyotype, cytokeratin expression profile, and 

their ability to excrete a mucin like material on the cell surfaces (Salib et al., 2005).  

Approximately, 2x105 cells were seeded in 24 well culture plates containing media 

and incubated overnight at 37oC under 5% CO2. The following day, 2x106 B. 

pertussis cells were added to the wells, centrifuged at 900 rpm for 5 min in order to 

facilitate contact between bacteria and epithelial cells. The plates were then 

incubated at 37oC for 15 min to allow bacterial attachment. The media was removed 

and the wells were washed four times with sterile PBS to remove any nonattached 

bacteria. The eukaryotic cells were then lysed with 0.05% saponin and the mixture 

was plated on BG-agar containing 10% blood and streptomycin for enumeration of 

attached bacteria. Note that saponin did not have any significant effect on the 

survival of any of the B. pertussis strains used in this study (data not shown). 

 Nasal septa were aseptically removed from naïve C57/BL6 mice and immediately 

placed in a 1.5ml tube containing 5x105 of B. pertussis cells in 1ml of DMEM 

followed by incubation at 37oC for 1.5h with gentle rocking. After incubation, the 

medium was removed, tissues were washed twice with sterile PBS to remove any 

nonattached bacteria followed by brief centrifugation at room temperature. 200µl of 

ice-cold PBS was then added to the tissues and homogenized. Serial dilutions were 

then plated to determine the numbers of bacteria attached to each tissue. 
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Inhibition of bacterial attachment.  

The anti-dPNAG, purified goat IgG and NDS were heat-inactivated at 55oC for 15 

min. 2x106 B. pertussis cells were incubated under gentle rocking at 37oC for 30 min 

with the designated concentrations of the sera. The B. pertussis cells were then 

added to either RPMI 2650 or A549 cells and the attachment assay was performed 

as described above.  

 

Bps purification 

An exopolysaccharide preparation enriched in Bps or a mock preparation was 

purified from the ∆bpscomp or the ∆bpsvec strains, respectively. Cells were grown in 

10 liters of supplemented SS media with aeration at 37oC to 1 O.D. and harvested at 

4oC. The cell pellet was resuspended in 30 ml of 0.5M EDTA, boiled for 5 min and 

centrifuged at 4oC to remove cell debris. The supernatant was extracted with 

phenol:chloroform to remove proteins. The aqueous phase was extracted with an 

equal volume of chloroform, precipitated using 100% ethanol overnight at 4oC and 

centrifugation. The pellet was washed with 70% ethanol and resuspended in 50ml of 

water. The solution was then treated with DNase I and RNase for 2h at 37oC to 

remove nucleic acids, followed by protease treatment to degrade any remaining 

proteins. A final phenol:chloroform extraction and ethanol precipitation were 

performed before the remaining solution was dialyzed against dH2O, lyophilized and 

stored at -80oC. Neutral-sugar content was determined using the phenol sulfuric acid 

assay (Wang et al., 2004). For assays utilizing the Bps and mock preparations, the 

samples were standardized by neutral-sugar content. Additionally, the two 
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preparations contained similar amounts of LPS as determined by the Limulus 

Amebocyte Lysate assay (Cape Cod Inc.). 

 

Bps binding to epithelial cell lines.   

Approximately 105 epithelial cells grown as above were added to tissue culture 

plates containing sterile small circular glass coverslips and cultured for two days.  

The coverslips containing the adhered cells were washed in PBS, transferred in 

fresh 35mm dishes and treated with 1% formalin for 10 min to prevent antigen 

internalization followed by brief washing with PBS. Next cells were incubated with 

either purified Bps or the mock purified preparation for 1h at 37oC with 1% BSA.  The 

coverslips were then washed with PBS and treated with a 1:500 dilution of the anti-

dPNAG antibody containing 1% BSA for 1h at 37oC.  The coverslips were washed in 

PBS, incubated with an anti-goat Alexa-fluor 488 antibody at a dilution of 1:200 for 

1h at 37oC, washed again in PBS and then fixed with 10% formalin for 30 min to 

prevent antigen/antibody separation.  After a brief PBS wash the samples were 

permeabilized with 0.1% Triton X-100 for 5 min. Following another brief PBS wash, 

cells were counter stained with a 1:40 dilution of rhodamine labeled phalloidin for 1h.  

Subsequent to a final PBS wash, the coverslips were mounted in ProLong anti-fade 

gold reagent and viewed using a Zeiss LSM 510 confocal scanning laser 

microscope. 
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SDS-PAGE and immunoblot analysis.   

Purified Bps or the mock purified material was run on a 12% SDS-polyacrylamide 

gel (5% stacking) and transferred to a nitrocellulose membrane. The membranes 

were then probed with either the anti-dPNAG antibody as described (Parise et al., 

2007) or various human sera.  The human sera used were from individuals who 

were culture positive for B. pertussis or epidemiologically linked to a culture positive 

patient.  A 1:1000 dilution of various human sera was used. A goat anti-human IgG 

conjugated to HRP (1:2000) was used as a secondary antibody. 

 

Statistical Analysis 

All statistics were performed using the student’s t-test and were determined to be 

significant if p<.05. 
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Figure Legends 

Fig. 1. Critical role of the bps locus in Bps synthesis and formation of biofilms 

on abiotic surfaces.  

(A) Boiled EDTA surface extracts were treated with pronase and spotted onto a 

nitrocellulose membrane followed by detection using the anti-dPNAG antibody as 

described previously (Parise et al., 2007) and in the experimental procedures.  

 

(B) and (C), Crystal violet assays were performed on surface-attached cells grown 

statically in 12 well tissue culture plates. The OD540 of solubilized crystal violet from 

surface-attached cells is shown on the y axis. Note that the time-course of biofilm 

formation was extended in C because of the slower growth of these strains in the 

presence of chloramphenicol. Each data point is the average of three wells and error 

bars indicate the standard deviation. Representative data from one of at least three 

independent experiments are shown. Asterisks designate a P<.05 (students t-test).  
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Fig. 2. SEM analysis of the role of Bps in B. pertussis biofilm formation. 

SEM of biofilms formed at the air-liquid interface on glass coverslips. Bp 536 (left 

panels) grown for 24h (A) and 96h (C); ∆bps mutant grown for 24h (B) and 96h (D); 

∆bpscomp strain grown for 96h (E). Bar, 10µm.  
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Fig. 3. Bps is crucial for biofilm development under flow conditions. 

Confocal scanning laser micrographs of biofilms formed in flow cells by Bp 536 (top 

panels) and the ∆bps mutant (bottom panels). Strains were inoculated directly in the 

flow cell and visualized in situ every 24h. For each micrograph, the middle panel 

represents the x-y plane, and the adjacent top and side panels represent the x-z and 

y-z planes, respectively. For each strain, images were taken from at least eight 

areas and the experiment was repeated three times. A representative CSLM image 

for each sample is shown. Bar, 50µm.  
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Fig. 4.  B. pertussis forms biofilms in the mouse nose.  

(A) CSLM of biofilms formed within the murine nasal cavity by B. pertussis. C57BL/6 

mice were inoculated with PBS, Bp 536, or the ∆bps strain. Seven days post-

inoculation, nasal septa were harvested, immediately fixed, and probed with rat anti-

Bordetella serum followed by a secondary anti-rat antibody conjugated to Alexa 

Fluor 488 (which stains bacteria green). To determine the localization of the host 

epithelium, specimens were stained for F-actin using phalloidin conjugated to Alexa 

Fluor 633 (which stains the epithelium red) and visualized with CSLM. Each 

micrograph represents an x-z reconstruction. For each specimen, images were 

obtained from at least five areas of the nasal septum and from at least three 

independent animals. Bar, 10µm.  

(B) SEM of B. pertussis biofilm formation on nasal septa. Specimens were collected 

from animals 7 days post-inoculation with PBS (top left), Bp 536 (top right and 

bottom left), ∆bps mutant (bottom right), directly fixed, and processed for SEM. 

Scale bars, 10 µm. 

(C) Bps co-localizes with nasal biofilms. Nasal septa were harvested from C57BL/6 

mice inoculated with PBS or Bp 536. Samples were collected 7 days post-

inoculation and were stained for Bordetella (green) as described in the legend to Fig. 

4A. To detect Bps production (red), specimens were stained using goat anti-dPNAG, 

followed by anti-goat conjugated to Alexa Fluor 633. Yellow staining indicates co-

localization of B. pertussis and Bps. Micrographs are x-z reconstructions and are 

representative of at least three independently harvested tissues. 
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Fig. 5. Bps is essential for nasal colonization  

Colonization of the mouse respiratory tract by Bp 536 and the ∆bps mutant. Groups 

of five 6-week-old C57BL/6 mice were intranasally inoculated with 50 µl containing 5 

x 105 cfus of either the Bp 536 or ∆bps strain. At the designated time points, mice 

were sacrificed and the nasal septum, trachea, and lungs removed, homogenized 

and plated for enumeration of the resident bacteria. Statistically significant 

differences were observed at all time points and tissues except at 7 days in the 

lungs. Error bars represent standard deviation. *P<0.05, students t-test. 
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Fig. 6. Bps functions as a nasal adhesin 

(A) Attachment assays were conducted with L2 (rat lung), A549 (human lung) and 

RPMI 2650 (human nasal septum) epithelial cell lines. Bp 536 or the ∆bps strain was 

incubated at a multiplicity of infection of 10. Results are expressed as adherent cfus. 

Each data point is the average for six wells, and error bars indicate the standard 

deviation. Representative data from one of at least five independent experiments are 

shown. Asterisks designate a P<0.05 (students t-test). 

 

(B and C) RPMI 2650 cells were used for attachment assays. Bp 536 was pre-

incubated with various concentrations of the anti-dPNAG antibody (B) or the goat 

IgG antibody (C). Each data point is the average for three wells, and error bars 

indicate the standard deviation. Representative data from one of at least three 

independent experiments are shown. Asterisks designate a P<0.05 (students t-test). 

 

(D) Attachment assays were conducted with A549 cell line as above except that Bp 

536 was pre-incubated with various concentrations of the anti-dPNAG antibody or 

goat IgG control. Each data point is the average for three wells, and error bars 

indicate the standard deviation. Representative data from one of at least three 

independent experiments are shown. 
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Fig. 7. Attachment assays with nasal explants.  

Similar sized mouse nasal septa were excised from naïve mice and incubated with 

the indicated strains as described in experimental procedures. Results are 

expressed as adherent cfu from 5-6 nasal septa. Error bars represent standard 

deviation. *P<0.05, students t-test. 
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Fig. 8. Ectopic expression of Bps confers adherence. 

Attachment assays were conducted with the ∆pga strain of E. coli containing the 

empty pBBR1MCS vector or the pMM11 plasmid that expresses Bps. Each data 

point is the average for six wells, and error bars indicate the standard deviation. 

Representative data from one of at least five independent experiments are shown. 

*P<0.05, students t-test. 
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Fig. 9. The Bps polysaccharide binds to RPMI 2650 but not to A549 cells. 

Epithelial cells adherent to glass coverslips were treated with purified Bps 

preparation from the ∆bpscomp strain or a mock-purified preparation from the ∆bpsvec 

strain. Bound Bps was detected by anti-dPNAG antibody followed by secondary 

antibody coupled to Alexa-fluor 488. Epithelial cells were counter stained with 

rhodamine labeled phalloidin. Yellow staining denotes co-localization of Bps with the 

RPMI 2650 cells (indicated by arrows). 
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Fig. 10. Bps is expressed during human infections 

Immunoblot analysis of Bps reactivity with the human sera. Bps or the mock-purified 

preparation were separated by SDS-PAGE and after transfer onto nitrocellulose 

were probed with either anti-dPNAG antibody or human serum. The separation of 

the stacking and the resolving gel is indicated by the arrow on the left.  
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Abstract 

 The genus Bordetella consists of at least nine species of Gram negative 

bacteria, many of which are respiratory pathogens of animals, birds and humans. 

A hallmark feature of some Bordetella species is their ability to efficiently survive 

in the mammalian respiratory tract even after vaccination. Bordetella 

bronchiseptica and Bordetella pertussis are capable of forming biofilms both in 

vitro and in the mouse respiratory tract. Biofilms are often associated with 

persistent infections due to their ability to evade host-mediated clearance by 

conferring resistance to multiple immune components.  We have recently shown 

that the biofilm-associated Bps exopolysaccharide is a critical virulence factor 

that promotes biofilm development and survival in the respiratory tract. In this 

report, we show that the expression of bps is elevated in biofilms and that the 

genes of this locus are transcribed jointly as an operon. To determine the 

regulatory mechanism of Bps, we examined if Bps is regulated by BvgAS. BvgAS 

positively regulates biofilm development in Bordetella. Using real time RT-PCR, 

we show that the bps locus is regulated independently of BvgAS. Visual scanning 

of the sequences adjoining the bps locus revealed the presence of an ORF 

upstream and in opposite orientation, which displayed homology to MarR-family 

of transcriptional regulators. Measurement of bpsA transcript and the Bps 

polysaccharide levels from the wild-type and ∆bpsR strains suggested that BpsR 

functions as a repressor. In order to better understand the regulation of bps we 

mapped the promoter region using both primer extension and RACE PCR. This 

allowed us to define the transcriptional start site of the operon and define the 
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region used for DNA binding assays. By utilizing both electrophoretic mobility 

shift and DNase I footprint assays, we show that purified BpsR protein 

specifically bound to the bps promoter region.  
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Introduction 

 Bacteria are generally studied in the laboratory under free swimming or 

planktonic. However, in the environment, bacteria often exist as either single or 

multi-species communities attached to a surface in the form of a biofilm. These 

structures have been shown to be resistant to immune clearance as well as 

antimicrobial compounds of both of a synthetic and biological origin (36). Biofilms 

are not only found in the natural environment, but have been estimated to play a 

role in over 65% of bacterial infections in humans and cost billions of dollars 

every year to prevent and eradicate (21).  

 Our laboratory focuses on the Bordetella species as a model system to 

understand how respiratory tract pathogens exhibit both a virulent state 

associated with disease symptoms in one site of infection, while a more 

asymptomatic persistence state is observed in other tissues. Previously we have 

demonstrated that both Bordetella bronchiseptica and Bordetella pertussis are 

capable of forming biofilms in the nasopharynx of infected animals (9, 32). While 

the presence of bacteria in the nasopharynx is often associated with carriage or 

asymptomatic infections, the presence of Bordetella in the lungs usually leads to 

a disease state. It is this transition from virulence to benign state that has led us 

to hypothesize that the bacteria in the nasopharynx exist in a biofilm state where 

organisms in the lungs may not. However, little is know about the environmental 

cues that initiate biofilm formation or how the biofilm associated genes are 

controlled.  
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 One characteristic of mature biofilms is the production of an extracellular 

matrix which may consist of such macromolecules as extracellular DNA, proteins, 

and polysaccharides. In order to investigate how biofilm formation in Bordetella 

species is regulated, it is logical to examine how these matrix components 

involved in the multicellular community integrity are controlled. Previously we 

have demonstrated that the biofilm associated Bordetella polysaccharide (Bps) is 

crucial for both in vitro and in vivo biofilm formation by both B. bronchiseptica and 

B. pertussis (9, 32). This polysaccharide is thought to be composed of β-1-6 N-

acetylglucosamine and is synthesized by the enzymes encoded by the bpsABCD 

locus (28). These genes share functional homology with loci of other species 

which produce β-1-6 N-acetylglucosamine containing polysaccharides including 

the ica locus of Staphylococcus and pga locus of E. coli both of which have 

shown to be involved in biofilm formation and maintenance (11, 20, 36).  

 As a mechanism of controlling biofilm formation, many species which 

possess bps-like loci, regulate the transcription of these genes at several levels. 

For example, Staphylococcus species repress ica transcription through the 

coordinate action of multiple repressors including IcaR, TcaR, and LuxS (8, 17, 

39). Under conditions which favor a free swimming growth these proteins bind to 

the ica promoter and inhibit transcription, PNAG/PIA production, and decrease 

the organism’s ability to form biofilms (8, 17, 39). However, when certain 

environmental cues are sensed, such as increased salt or ethanol 

concentrations, these repressors lose their ability to bind to the ica promoter. 

These conditions also allow for the activation of SarA which has been shown to 
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be an activator of ica transcription and increased biofilm formation (34, 35). This 

complex regulation is not unique to Staphylococcus or PNAG/PIA-like 

polysaccharides, numerous species, such as Pseudomonas aeruginosa, 

Escherichia coli, and Vibrio cholera possess complex multi-factorial mechanisms 

to regulate exopolysaccharides, which are crucial for the organism’s conversion 

from planktonic to biofilm growth (5, 15, 29, 37). Given this common paradigm 

conserved throughout biofilm forming organisms we hypothesize that the 

bpsABCD locus will be tightly regulated and that this control will influence the 

biofilm development of the organism.  

 In this report, we show that bps is expressed more highly under biofilm 

growth conditions when compared to free swimming cells demonstrating a 

differential regulation based on the bacterial growth state. As we investigated this 

varying expression pattern, we determined that the transcription levels of bps did 

not change significantly based on the Bvg state of the bacteria. BvgAS has been 

previously shown to regulate biofilm formation in Bordetella (16, 25). This 

suggests that the bps locus is regulated in a Bvg independent manner. In an 

effort to explore the mechanism of differential expression of this locus, we 

identified a MarR-like protein which we hypothesized would be involved in the 

regulation of this gene cluster. Upon deletion of the open reading frame (ORF), 

an increase in bps transcription was observed leading us to name this gene 

Bordetella polysaccharide regulator or bpsR. Further analysis revealed that 

purified BpsR is capable of binding to the bps promoter in a specific manner, 

again suggesting this gene is a repressor of bps transcription. 
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Materials and Methods 

Strains and growth conditions 

 The B. bronchiseptica strain RB50 was used as the wild-type strain for all 

experiments (10). All B. bronchiseptica strains were maintained on Bordet-

Gengou (BG) agar supplement with 7.5% defibrinated sheep’s blood and 

streptomycin (50µg/ml). E. coli strains were maintained on Luria-Bertani (LB) 

media supplemented with the appropriate antibiotics, chloramphenicol (50µg/ml), 

kanamycin (25µg/ml), and ampicillin (100µg/ml). 

 Both the E. coli and B. bronchiseptica strains used in this study were 

grown in liquid culture using LB media. Normally Bordetella is grown in Stainer-

Scholte, but upon deletion of bpsR we noticed a slight growth defect in the 

∆bpsR strain when grown in this media. However, there was no difference 

between the wild-type and ∆bpsR strain when grown in supplemented LB.  

 

Construction of the ∆bpsR strain 

 An in-frame non-polar deletion of the bpsR gene (Bb1771) was 

constructed using a previously published allelic exchange method (33). A 504 bp 

XbaI-HindIII fragment including the 5’ region and first 10 codons of bpsR was 

amplified from the RB50 chromosome using primers MM1 and MM2 (Table 1). 

Next a 504 bp HindIII-KpnI fragment corresponding to the 3’ region and last 10 

codons of bpsR was amplified using MM3 and MM4 (Table 1). These fragments 

were then combined and ligated into the allelic exchange vector pRE112 and 

transformed into SM10λpir resulting in the plasmid pMM12. This plasmid was 
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then mated into RB50 and exconjugates were selected on BG plates containing 

streptomycin and chloramphenicol. Sucrose selection was used to identify 

colonies which had undergone a second recombination event. Deletion of bpsR 

was confirmed by PCR and sequencing of the product. 

 

Detection of Bps by Immunoblot 

 Crude exopolysaccharide extracts were prepared using a previously 

described method for purification of PNAG in Staphylococcus species (19). 

Approximately, 5x109 cells of different strains grown overnight at 37oC in broth 

culture were harvested by centrifugation, resuspended in 100 µl of 0.5M EDTA 

and boiled for 5 min at 100oC. Cells were removed by centrifugation and the 

supernatant was treated with 1mg ml-1 of pronase for 3 h at 37oC. At the end of 

the incubation period, samples were heated to 85oC for 15 min to inactivate the 

pronase. 5µl of the extract was spotted on a nitrocellulose membrane and 

allowed to dry overnight. The membrane was blocked with 5% nonfat milk and 

probed with a 1:1000 dilution of an absorbed human serum which was enriched 

for anti-Bps antibodies. A secondary mouse anti-human IgG antibody conjugated 

to horseradish peroxidase (Pierce) was used at a concentration of 1:2000 for 

detection in conjunction with the Amersham ECL (enhanced chemiluminescence) 

Western blotting system. 
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Serum enrichment 

 Approximately 5 O.D.s of overnight culture of the ∆bps strain were 

harvested by centrifugation and resuspeded in sera from a pertussis positive 

patient. This suspension was then incubated at 4oC for 2 h with shaking before 

centrifugation to remove the bacterial cells. The supernatant was removed and 

used to resuspened another 5 O.D.s of the ∆bps strain for another round of 

absorption. This was repeated 3X for 2 h before one final absorption overnight at 

4oC. The resulting serum was found to be enriched with anti-Bps antibodies and 

displayed extremely low reactivity to extracts from the ∆bps strain.  

 

RNA extraction and cDNA synthesis 

 Biofilms were initiated at .1 OD600 in 10 ml of media and grown under 

static conditions at 37oC in 10 cm Petri plates. After 48 h, the planktonic cells 

were removed and the plates were washed 3 times with cold sterile PBS. The 

biofilm attached to the side of the plates was then removed and lysed in RLT 

buffer from the Qiagen RNAeasy kit. RNA from both the biofilm and planktonic 

cells was purified using this kit.  

 RNA from RB50, RB54 and ∆bpsR strain was harvested from log phase 

cells (1.0 OD600) grown under shaking conditions using the Qiagen RNAeasy kit 

per the manufactures instructions. DNase I (Promega) digestion was performed 

to remove any contaminating genomic DNA from all samples before cDNA 

synthesis. 
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cDNA synthesis 

 After DNase I digestion a RNA cleanup was performed using the Qiagen 

RNAeasy kit. Approximately 1µg of RNA was used for cDNA synthesis in a 20µl 

volume. A pool of random primers and 2µl of 10mM dNTPs was added to the 

mixture before denaturation at 65oC for 5 min. This was then placed immediately 

on ice for addition of the first strand buffer [500 mM KCl, 200 mM Tris-HCl (pH 

8.4), 5 mM MgCl2], 10 mM DTT, and 40 units of RNase OUT (Invitrogen). The 

reaction was then incubated at room temperature for 10 minutes before the 

addition of 200 units of SuperScript III RT (Invitrogen). The complete mixture was 

incubated at 50 oC for 1 h followed by incubation at 85 oC for 5 min to terminate 

the reaction. 

 

RT-PCR 

 To confirm bpsABCD is an operon, primers were designed to overlap the 

end and beginning of adjacent genes (Table 1). PCR was then performed with 

either RNA from log phase grown RB50 (Mock), cDNA made from the same 

RNA, or genomic DNA as a positive control. This was then run on a 1% agarose 

gel stained with ethidium bromide to observe if any product was produced and 

that the cDNA template exists. 

 

Real Time RT-PCR 

 Specific primers for were designed using the GenScript Real-time PCR 

Primer Design online program to yield similarly sized products for bpsA (Table 1), 
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fhaB, and flaA (33). Real Time RT-PCR was then performed using the Taqman 

system (Roche). Reactions were then assembled and performed according to 

previously published protocols (33). Calculations for comparison between 

samples were performed using the ∆CT method with recA used as the 

standardization control. 

 

Primer extension 

 Primer extension was performed as previously described with a few 

modifications (13). Total RNA was reverse transcribed at 52oC using 

Thermoscript RNase-H reverse transcriptase (Invitrogen). The primer Bps PE1 

(Table 1) was used to map the transcription start site of the bps promoter. The 

previously published primer Bvg P1 was used as a positive control to confirm the 

integrity of the RNA and the reaction (31).  

 

RACE-PCR 

 RNA harvested from log phase RB50 cells was reverse transcribed using 

Superscript III (Invitrogen), but instead of random primers, a primer specific for 

bpsA was used, bps GSP-1 (Table 1). This was used to direct the synthesis of 

bpsA specific transcript to cDNA for use in a PCR reaction using an abridged 

anchor primer and bps GSP-2 (Table 1). This procedure is similar to that 

described by Kinnear et al. 1999 (18). A 1µl sample from this reaction was used 

for a secondary PCR using an abridged universal primer and primer bps GSP-3 

(Table 1). This resulted in a product with XhoI and SpeI restriction sites which 
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were used to clone the product into pBluescript for sequencing. 

 

Purification of BpsR 

 bpsR was amplified from the RB50 chromosome using primer BpsR1 and 

BpsR2 (Table 1) resulting in a 486 bp BamHI-XhoI labeled fragment. This was 

cloned into pET24a (Novagen) resulting in plasmid MC1 which was transformed 

into BL21 (DE3)/pLysE E. coli cells for overexpression. Cells were grown in 

2XTY media (16 g of Bacto tryptone [Difco], 10 g of yeast extract, 5 g/liter NaCl, 

0.4% glucose) in the presence of kanamycin and chloramphenicol at 37°C. Upon 

growth to approximately 1 OD600 the cells were induced with 1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) for 2 h. The cells were then harvested via 

centrifugation and resuspended in 30 ml of TGED buffer (10 mM Tris-HCl [pH 

7.9], 0.1 mM EDTA [pH 8.0], 0.2 mM DTT, 0.05% sodium deoxycholate, 5% 

glycerol, and 2 mM phenylmethylsulfonyl fluoride). After a flash freeze/thaw to aid 

in cell lysis, the bacterial suspension was lysed by passage through a French 

pressure cell three times at 14,000 to 16,000 lb/in2. The lysate was centrifuged 

and the clear supernatant was passed through a T7 Tag affinity purification kit 

(Novagen) according to the manufacturer's instructions. 

 

Electrophoretic Mobility Shift Assays 

 A 439 bp fragment which encompassed the bps promoter was generated 

using bpsprom5 and bpsprom3 (Table 1). This product was then end labeled by 

using T4 polynucleotide kinase (New England Biolabs) with [γ-32P]ATP 
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(Amersham Biosciences). Excess unincorporated radioactivity was removed by 

passing the sample through a G-50 quick spin column (GE Healthcare). 

Reactions were set up in a 20µl reaction containing the radiolabeled promoter, 

purified BpsR, 1X binding buffer [10 mM Tris-HCl (pH 7.8), 2 mM MgCl2 50 mM 

NaCl, 1 mM dithiothreitol [DTT], 0.5 g of poly(dI-dC), 0.01% NP-40, 100 ng of 

bovine serum albumin, 10% glycerol]. This mixture incubated at 37oC for 15 min 

to allow for protein/DNA interactions and then run on a 5% polyacrylamide gel for 

visualization by autoradiography as previously described (12, 24).  

 

DNase I Footprint Analysis 

 The same fragment used for EMSA analysis was cloned into pcDNA3 

using XbaI and EcoRI. The 5’ region in relation to the bpsA start codon was 

digested using EcoRI and radiolabeled as described above for EMSAs. This 

construct was then digested with XbaI and separated on a 5% polyacrylamide gel 

for excision of the radioactive probe and purification using electroelution. 

Digestion of protein bound DNA was achieved by the addition of DNase I 

(Promega) after diluting it in 1X binding buffer and 1 mM CaCl2. After 2 min the 

reaction was terminated by adding stop solution (0.4 M NaOAc, 0.2% SDS, 

10 mM EDTA and 50 µg/ml yeast t-RNA). The digested DNA fragments were 

isolated from the mixture by phenol-chloroform extraction and ethanol 

precipitation before analysis on a 6% polyacrylamide denaturing gel. 
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Results 
 
bpsABCD locus is transcribed as an operon 

The four genes of the bps locus, bpsA, bpsB, bpsC and bpsD are found 

together in the Bordetella genome, orientated in the same direction and appear 

by homology to carry out similar functions in polysaccharide synthesis, assembly, 

or transport (28).  These genes are also tightly linked. There are only 6 and 4 

nucleotides separating the bpsA and bpsB, and bpsB and bpsC ORFs, whereas 

the bpsC and bpsD ORFs overlap by 19 bases. This strongly suggested that 

these genes constitute an operon and are co-transcribed. To confirm this, RT-

PCR was carried out on RNA extracted from exponential phase grown cultures of 

the wild-type strain. A PCR product of the expected size (bpsA-bpsB, 628 bp; 

bpsB-bpsC, 547 bp; bpsC-bpsD, 581 bp) was obtained for all of the intergenic 

regions tested. These results strongly suggested that all the four genes are 

transcribed on the same mRNA transcript (Fig. 1). 

 

The bps locus is expressed at higher levels during biofilm growth. 

We have previously shown that the absence of Bps does not significantly 

affect the early steps of biofilm formation in particular the initial attachment to 

abiotic surfaces (9, 28). Bps is required at a step post-attachment and 

contributes to the formation of the complex architecture of Bordetella biofilms (9, 

28). The requirement of Bps at the post-attachment stage of biofilm development 

led us to hypothesize that there will be elevated expression bps in microcolonies. 

In order to investigate differential expression of bps, biofilms of the wild-type 

strain RB50 were grown for 48 h under stationary conditions in Petri plates. RNA 
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was harvested from both the biofilm and planktonic cells and used for real time 

RT-PCR to compare the levels for bpsA transcript between the two populations. 

The constitutively expressed gene, recA was used as internal control. Our results 

demonstrate ≈ 4-fold increase in the expression of bpsA in biofilm cells compared 

to that in planktonic cells (Fig. 2).  

 

The bpsABCD operon is regulated in a Bvg independent manner 

The BvgAS two component system is the major virulence regulator in 

Bordetella (27). Previous reports by our group and others have shown that 

biofilm formation in B. bronchiseptica is positively controlled by BvgAS (16, 25). 

Since the bps locus is required for biofilm development, we determined whether it 

is subject to control by BvgAS. RNA was harvested from log phase cultures of 

the wild-type strain, grown under Bvg+ conditions, and the Bvg- phase locked 

strain RB54. Our results show minor changes in the levels of the bpsA transcript 

between the wild type and the Bvg- phase locked strain (Fig. 3A). Although there 

were slightly higher levels of bpsA transcript in the wild-type strain compared to 

the Bvg- phase locked strain, this difference was not statistically significant. As a 

control, we measured the expression profiles of the known Bvg regulated genes, 

fhaB and flaA. As expected and based on previous results, fhaB was expressed 

at very high levels in the wild-type strain whereas flaA was maximally expressed 

in the Bvg- phase locked strain (Figs 3B and 3C), thereby corroborating the 

validity of the real time RT-PCR assays (1, 30). Taken together, these results 
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suggest the expression of the bps operon is regulated in a predominantly Bvg-

independent manner.  

 

Identification of the MarR-like regulator BpsR 

In bacteria, many times transcriptional regulators are located upstream of 

the structural genes they regulate and are divergently transcribed.  One example 

of this is the ica gene cluster of Staphylococcal species which in addition to 

containing four genes required for synthesis of the PIA/PNAG polysaccharide, 

harbors a fifth gene icaR, which is located upstream of the icaA gene and is 

divergently transcribed (8).  IcaR is a DNA binding transcriptional repressor of ica 

gene transcription, PIA/PNAG production, and biofilm formation in 

Staphylococcus aureus (8, 17). A survey of the published genome database of 

the B. bronchiseptica strain RB50, revealed the presence of an ORF (BB1771), 

upstream of bpsA in the opposite orientation, encoding a 162 amino acid protein 

that exhibits amino acid identity to the MarR family of DNA-binding transcription 

regulators (Fig. 4). This protein product also contains a region spanned by 

amino-acids 45-138 which shows similarity to the highly conserved winged helix-

turn-helix (wHTH) DNA binding motif. The MarR family of proteins often control 

resistance to chemicals, antibiotics and oxidative stress and are involved in the 

regulation of virulence factor genes in multiple bacterial pathogens (3, 7, 14, 38). 

This new MarR family member of Bordetella was tentatively named as BpsR, for 

Bordetella polysaccharide regulator.  
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bpsR represses bps transcription and the production of the Bps polysaccharide  

 To investigate the role of bpsR in controlling the expression of the bps 

locus, we utilized allelic exchange to construct the ∆bpsR strain that contains an 

in-frame deletion in the bpsR gene (28, 33). First, we examined the effect of the 

bpsR deletion on the transcription of the bps locus. RNA was harvested from 

mid-log phase grown wild-type and the ∆bpsR strains, reverse transcribed 

followed by measurement of the levels of the bpsA transcript by real time RT- 

PCR utilizing recA as the internal reference control. bpsA was expressed at 

approximately 3-fold higher levels in the ∆bpsR strain compared to the wild-type 

strain suggesting that bpsR is involved in repressing the transcription of the bps 

locus (Fig. 5).  

Next we addressed the effect of bpsR deletion on the production of the 

Bps polysaccharide. To aid in this analysis, we utilized human sera from a 

pertussis positive patient. Previously, we have shown that pertussis positive 

patients harbor anti-Bps antibodies (9). The human serum was repeatedly 

absorbed against the ∆bps strain which we have previously shown to lack the 

ability to produce Bps (Materials and Methods) (28). The specificity of this 

enriched anti-Bps sera was first determined by immunoblotting the 

polysaccharide extracts from the wild-type and the ∆bps strains.  As shown in 

Fig. 6, immunoblotting revealed that the anti-Bps serum is highly specific, since it 

did not react with extracts from the ∆bps strain. Moreover, immunoblotting with 

approximately 10-fold higher amounts of the polysaccharide extract from the 

∆bps strain did not result in significant reactivity (data not shown).  
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Compared to the wild-type strain, Bps was detected at higher levels in the 

∆bpsR strain. Complementation of the ∆bpsR strain with a plasmid containing 

the bpsR gene (∆bpsRcomp ) resulted in a substantial decrease in the levels of the 

reactive material. In contrast, the ∆bpsRvec strain carrying the plasmid alone 

showed similar levels of Bps as those seen in the ∆bpsR strain. Taken together, 

these results strongly suggest that the bpsR gene encodes for a transcriptional 

repressor. 

 

Identification of the bps transcription site  

To continue our examination of the regulation of bps gene cluster by BpsR, we 

first mapped the transcriptional start site of the bps promoter by 5’ RACE (13). 

RACE PCR products specific to bpsA were cloned and sequenced. Sequencing 

of two of the five clones revealed the transcription site to be an A nucleotide 

located 67 bp upstream of the bpsA ORF (Fig. 10). The other three clones 

resulted in shorter products with transcription sites corresponding to the A, G, 

and T nucleotides 13, 23, and 27 bp respectively upstream of the bpsA ORF.  

  To resolve the observed discrepancy in the 5’ RACE results, primer 

extension analyses were performed. These experiments yielded a 164 bp 

fragment and the transcriptional start site was found to correspond to the A 

nucleotide located 67 bp upstream of the bpsA ORF, identified in two of the five 

RACE PCR clones.  As a positive control, primer extension analysis was 

performed for the bvgAS operon using the previously published bvg P1 primer 
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(31). In accordance with previously published results, a primer extension product 

corresponding to the bvg P1 promoter was observed (Fig. 7).  

 Scanning of the DNA sequences upstream of the ORF identified a 

hexameric sequence TAAGAT, centered at -10 relative to the A nucleotide and 

resembling the consensus -10 element for E. coli σ70 (26).  A canonical -35 

sequence was not apparent upstream of the A67 nucleotide.  We were unable to 

identify hexameric sequences resembling the canonical σ70 promoter sequences 

upstream of the other three possible transcription start sites.  Although we cannot 

completely exclude the presence of other transcription sites, based on a 

combination of results so far, we conclude that the majority of bps transcription 

initiates from the A67 nucleotide and designate this as +1.  

 

Affinity of BpsR to the bps promoter 

To determine if BpsR is a DNA binding protein that specifically recognizes the 

bps promoter, an N-terminal T7-tagged BpsR was overexpressed in E. coli and 

purified BpsR was used for DNA binding experiments (Materials and Methods). A 

radiolabeled 438 bp fragment encompassing the bps promoter regions from -345 

to +93 was combined with purified BpsR for electrophoretic mobility shift assays 

(EMSA). Incubation with increasing concentrations of BpsR resulted in a shift in 

the migration of the promoter DNA through the gel, demonstrating that BpsR is 

capable of binding to the bps promoter (Fig. 8A). These results also suggest that 

BpsR binds to the bps promoter DNA in a cooperative manner, since a very small 

increase in the concentration of BpsR led to a major switch in the DNA binding 
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property of BpsR. Comparison of lanes 4 and 5 of Fig. 8A reveals that ≈ 0.5 fold 

increase in the concentration of BpsR results in a switch from a very weak to a 

strong DNA binding phenotype leading to the formation of a low mobility DNA-

protein complex that barely enters the gel.   

 To investigate the specificity of BpsR to the bps promoter, EMSAs were 

performed with increasing concentrations of non-radioactive specific competitor 

(the original bps promoter DNA fragment used above) and non-specific 

competitor (the 628 bp bpsAB fragment used in Fig. 1) DNA fragments.  The 

binding of BpsR to the radiolabeled promoter DNA was lost with increasing 

concentrations of the non-radiolabeled specific competitor, whereas incubation 

with concentrations of the non-specific competitor as high as 200X of the 

radiolabeled promoter DNA, did not result in a significant change in the DNA 

binding activity of BpsR (Fig. 8A and B).  This demonstrates that BpsR binding to 

the promoter region is sequence specific.  

 Given that BpsR is a repressor of bps transcription and that it is capable of 

binding to the bps promoter, we hypothesized that this protein will bind to a 

specific DNA sequence. In an effort to identify a more precise DNA binding 

region for the protein, DNase 1 footprint analysis was conducted using 

radiolabeled bps promoter DNA. BpsR protected a large region encompassing -

30 to -170 on the coding strand and -15 to -170 on the non coding strand.  Visual 

inspection of the protected DNA region failed to reveal the presence of any 

consensus DNA binding motifs to which MarR family of regulators bind (2, 3, 14, 

23). Moreover, obvious inverted or direct repeats were also not observed in the 
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region protected by BpsR. Further inspection revealed that a hexameric 

sequence containing an AT rich stretch flanked by a G or C was repeated 8-10 

times in this region.  The overall consensus of this sequence can be designated 

as G/C(A/T)4G/C. This arrangement of binding sites is somewhat similar to the 

TcaR binding sites on the IcaR promoter. Multiple repeats of the TcaR 

consensus sequence TTNNAA are present on the IcaR promoter (6).  Further 

experimentation will be required to identify the exact recognition sequence of 

BpsR and what residues of this region are required for binding and repression of 

this locus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



139 
 

Discussion 

 A thorough comprehension of the mechanisms which control Bps 

synthesis and Bordetella biofilm formation could lead to a better understanding of 

the role biofilms play in Bordetella virulence, persistence, and transmission. 

However, this field is in its infancy and there are large gaps of knowledge as to 

how other factors influence Bordetella biofilms. For example, it has been reported 

that FHA, adenylate cyclase, and fimbriae play a role in biofilm formation, but an 

in depth study as to the mechanism of their contribution in biofilm developement 

has yet to be undertaken. Currently, the factor which has undergone the most 

extensive study is Bps, but the exact mechanism of how it maintains biofilm 

architecture and possible environmental cues sensed by Bordetella to control its 

production are yet to be explored. 

 In this study, we have demonstrated that the MarR-like DNA binding 

protein BpsR is involved in the repression of Bps synthesis and transcription. 

Traditionally regulation in Bordetella species has almost extensively focused on 

the BvgAS system with only a few other regulatory proteins being studied such 

as the RisAS system and several iron response factors (4, 40). The fact that Bps 

is regulated in a Bvg-independent manner and that its expression is influenced 

by the newly identified regulator BpsR make it a novel mechanism of virulence 

factor regulation in Bordetella.   

 MarR-like proteins are capable of binding to DNA through a winged helix-

turn-helix interaction domain which is conserved in BpsR and shows a high 

degree of similarity to members of the MarR family (2). Along with a winged helix-
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turn-helix domain, MarR-like proteins often have protein interaction domains 

which allow for protein-protein binding. These motifs confer upon the protein the 

ability to form dimers or multimers which is often required for physiologically 

relevant DNA interactions (2, 3). The same could be true for BpsR in that 

dimerization may be required in order to exhibit its maximal DNA binding effect. 

This would explain the high cooperativity displayed in EMSA assays in that when 

one subunit binds it may trigger the recruitment of other subunits resulting in a 

complete shift of the labled promoter with relatively little intermediate shift being 

observed. However, further analysis of the DNA binding properties of BpsR is 

necessary to explore its potential to form multimers and how this influences its 

DNA binding ability. 

 In addition to MarR-like proteins possessing protein-protein interaction 

domains, they also often contain ligand interaction motifs (3, 14, 38). For 

example, under normal growth conditions MarR binds to the mar operon and 

represses transcription. However, in the presence of salicylate, MarR dissociates 

from the mar promoter and transcription of marRAB ensues (3, 23). Many other 

MarR family regulators have also been shown to bind ligands which regulate their 

binding activity including TcaR of Staphylococcus which influences ica 

transcription (6, 17). Given that BpsR is a member of the MarR family it likely 

contains a ligand binding domain which regulates its ability to repress bps 

transcription. The potential ligands that may influence BpsR repression of Bps 

synthesis remain yet to be determined.  
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 Bps is a crucial factor for B. bronchiseptica biofilm development and 

persistence in the mouse respiratory tract (9, 32). It is tempting to postulate that a 

dysregulation of Bps by mutating bpsR would cause an increase in pathogenesis, 

biofilm development, and increased colonization in a host when compared to a 

wild-type infection. Similar phenotypes have been noted in Staphylococcus when 

both tcaR and icaR are deleted and the resulting increase in PNAG/PIA 

production leads to enhanced biofilm formation in vitro (17). However, BpsR may 

not be the only factor regulating Bps production and the resulting increase in Bps 

levels in a ∆bpsR strain may be counteracted by other regulators when exposed 

to an in vivo environment. In addition, the Bordetella mouse model of in vivo 

biofilm formation could provide unique insights into the pathogenic effects of 

overexpression Bps and other β-1-6 N-acetylglucosamine containing 

exopolysaccharides which are unattainable with other species due to the lack of 

a good animal model of biofilm developement. 

 In conclusion, mapping of the promoter region by DNase 1 footprint 

analysis revealed that BpsR binds to a large region upstream of the 

transcriptional initiation site including the -35 element of the promoter. Visual 

inspection of this region failed to reveal any obvious inverted repeats. Although 

most MarR-like proteins recognize specific inverted repeats, proteins such as 

SarR and TcaR have been shown to bind sequences in nontraditional 

orientations (6, 22). Further analysis of the region between the bpsA and bpsR, 

utilizing the BPROM online promoter tool, revealed putative binding sites for E. 

coli transcription regulators, Lrp, LexA, PhoB and the sigma factor RpoH 
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demonstrating the presence of common protein binding sites which may be 

recognized by BpsR or other Bordetella regulatory proteins. More detailed 

analysis of this binding region will be required to determine a specific binding 

sequence of the protein since no obvious inverted repeats were observed. The 

identification of this regulator which influences expression of a virulence factor 

necessary for pathogenesis could lead to therapeutics specifically designed to 

target Bps expression and thereby Bordetella persistence. 
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Figure Legends 

Figure 1. bpsABCD is transcribed as an operon. RT-PCR was performed using 

primers which overlapped adjacent genes of the bps locus. Fragments of the 

designed size were obtained for bpsAB, bpsBC, and bpsCD transcripts (cDNA 

lanes) as well as from purified genomic DNA (gDNA lanes). RNA samples which 

were not processed for cDNA synthesis revealed no product amplification 

demonstrating no significant levels of DNA contamination (Mock lanes). 
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Figure 2. Expression of bpsA is differentially regulated between biofilm and 

planktonic growth conditions. Analysis of bpsA expression levels by real time RT-

PCR. RNA was harvested from 48 h biofilms grown under static conditions as 

well as the accompanying planktonic cells. Error bars are representative of the 

standard deviation. Asterisk designates a P<0.05 (Student’s t-test). 
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Figure 3. Bps is regulated in a Bvg-independent manner. Real time RT-

PCR was performed using RNA harvested from log phase grown cultures 

of RB50 grown under Bvg+ phase conditions or RB54 which is locked in 

Bvg- phase. Specific primers were used to compare bpsA copy number 

between the strains, as well as primers for fhaB and flaA to confirm the 

Bvg state of the cultures. No statistical difference was observed in bpsA 

levels between the Bvg states demonstrating regulation by an alternate 

mechanism. Error bars are representative of the standard deviation. 

Asterisk designates a P<0.05 (Student’s t-test). 
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Figure 4. Gene arrangement adjacent to the bpsABCD locus. Upstream in the 

opposite orientation of the bps locus is encoded the MarR-like protein BpsR 

which is a putative repressor of bps transcription. This gene arrangement is 

similar to the ica locus of Staphylococcus in that upstream in the opposite 

orientation is encoded the protein IcaR which has been shown to be a repressor 

of ica transcription.  
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Figure 5. BpsR represses bps transcription. Real time RT-PCR was performed 

with RNA harvested from RB50 or a ∆bpsR strain. Analysis of bpsA levels 

between the strains revealed that deletion of bpsR results in increased bpsA 

expression. Error bars are representative of the standard deviation. Asterisk 

designates a P<0.05 (Student’s t-test). 
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Figure 6. Role of bpsR in Bps production. Boiled EDTA surface extracts from 

equal numbers of cells were de-proteinated with phenol/chloroform and spotted 

on a nitrocellulose membrane followed by detection with an absorbed human 

serum that recognizes Bps.  
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Figure 7. Primer extension analysis was performed with RNA prepared from 

RB50 using the bpsA specific primer Bps PE1 or the bvgAS specific primer Bvg 

P1. A 164bp fragment was obtained using Bps PE1 corresponding to 67bp 

upstream of the bpsA start codon. The Bvg P1 primer yielded a similar product 

as previously observed for this primer. Sequencing ladder is denoted by G, A, T, 

and C lanes. 
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Figure 8. Electrophoretic mobility shift assays. (A) Radiolabeled bps promoter 

was incubated with increasing concentrations of purified BpsR. As the BpsR 

concentration increased (left to right) the mobility of the DNA decreased 

demonstrating binding of the protein to the bps promoter. (B) Competitive EMSAs 

were performed to demonstrate the specificity of BpsR to the bps promoter. At a 

concentration of 10X non-labled bps promoter was able to compete out the 

binding of BpsR to the radiolabeled DNA. (C) To ensure BpsR is not a random 

DNA binding protein, non-competitive EMSAs were performed. No change in 

binding was observed at concentrations as high as 200X of the non-competitive 

DNA. 
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Figure 9. DNase I protection analysis. A 439bp bps promoter fragment was 

radiolabeled on both the coding (A) and non-coding (B) strand and incubated the 

indicated concentrations of BpsR before limited digestion with DNase I. Regions 

of protection and the relation to the transcriptional start site are noted. 
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Figure 10. Nucleotide sequence of the bps promoter. The transcriptional start 

site is indicated in bold type and with a +1 in conjunction with the putative -10 

and -35 regions. Regions of protection observed from DNase I footprint analysis 

are designated by the dashed line. The translation initiation codon of bpsA is 

designated in bold. 
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Table 1. Primers used in this study. 
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Chapter 4: Discussion



169 
 

 

 Biofilms are becoming an increasing concern for the medical, agriculture, 

and industrial fields. In the studies described here, we have examined B. 

pertussis biofilm formation both in vitro as well as in the mouse respiratory tract. 

The exopolysaccharide Bps has been shown to be crucial for B. pertussis biofilm 

formation similar to what was observed previously with B. bronchiseptica (4, 12, 

15). However, we further characterized the Bps polysaccharide of B. pertussis 

and demonstrate that this factor is necessary for the attachment of the bacteria to 

the host nasopharynx and is essential for nasal colonization. We also examined 

the mechanisms involved in the regulation of biofilm development and specifically 

in the control of the bpsABCD locus. As discussed in previous chapters, we 

discovered a MarR-like regulator, BpsR, which functions as a repressor of bps 

transcription in B. bronchiseptica. This transcriptional regulator has the potential 

to not only influence Bordetella biofilm formation, but also the pathogenesis and 

carriage of the organism. 

 The Bps polysaccharide belongs to a family of β-1-6 N-acetylglucosamine 

containing polysaccharides which have been shown to be involved in biofilm 

formation in multiple species (12). Previously this polysaccharide has been 

shown to be involved in biofilm formation with B. bronchiseptica in vitro under 

both static and dynamic conditions (12). Bps also played a role in in vivo biofilm 

formation as well as persistence in the mouse respiratory tract at extended time 

points (15). In this work, we show that similar to previously published reports in 

B. bronchiseptica, Bps of B. pertussis is crucial for biofilm formation in vitro under 
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both stationary and flow cell conditions (4). This suggests that Bps is needed 

either for the establishment, growth, or structural integrity of Bordetella biofilms 

formed under laboratory conditions. 

 Although a similar phenotype is observed between the ∆bps strains of B. 

bronchiseptica and B. pertussis in vitro, Bps appears to play a different role in 

mammalian hosts. While a lack of Bps in B. bronchiseptica results in decreased 

biofilm formation in vivo, it does not correspond to a subsequent decrease in 

colonization until at least 35 days post-inoculation (15). In contrast to this lengthy 

carriage, a strain of B. pertussis lacking Bps shows a dramatic defect in 

colonization as early as 6 hours post-inoculation and is virtually cleared from the 

upper respiratory tract a day after infection. However, it does not appear that Bps 

from either species is necessary for early infection of the lungs of infected mice 

given that there is little difference in the colonization profile of this organ between 

the wild-type and mutant strains. As we further investigated this striking 

phenotypic difference between the two species in upper respiratory tract 

colonization, we determined that Bps was essential for attachment of B. pertussis 

to nasal tissues yet played only a minor role in adherence to the lungs. This 

suggests that B. bronchiseptica contains additional adhesins which are capable 

of imparting adherence to the nasal cavity when Bps is absent. This has been 

observed previously in Bordetella with the adhesins BipA and BcfA which have 

been shown to function redundantly in mediating tracheal colonization (16). It is 

important to note the B. pertussis has evolved from B. bronchiseptica through 

genome decay and has lost more than 1 megabase of genetic material (14). 
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Through this evolution it is likely B. pertussis has lost this theoretical redundant 

adhesin present in B. bronchiseptica and therefore displays a much more 

dramatic phenotype in vivo. 

 In addition to the role of Bps in nasal colonization, we report that B. 

pertussis is able to form biofilms within the upper respiratory tract of infected 

mice. This finding implicates a function for biofilm formation in natural human 

infections. Previously studies of B. pertussis virulence have focused on acute 

lung infections and have not closely examined persistent infections in the nasal 

cavity and how biofilms may affect this site of colonization. The identification of 

biofilms in this location strongly suggests a carrier state for B. pertussis in which 

individuals may harbor the bacteria in the form of biofilms while showing no overt 

disease symptoms. These individuals could serve as a reservoir for B. pertussis 

and allow for transmission of the bacteria to unvaccinated infants or young 

children. This biofilm persistence and transmission paradigm is not unique to 

Bordetella and is postulated to occur in other organisms such as Vibrio, 

Haemophilus, and Staphylococcus (5, 10, 19) 

Often bacterial adhesins are targeted by the adaptive immune system 

since they are surface associated molecules which are easily accessible and 

necessary for virulence in the host (3, 6). In order to determine if Bps is 

recognized by the human immune system, we tested sera from individuals who 

had confirmed cases of pertussis for antibody recognition of purified Bps. We 

observed that the majority of sera tested, harbored antibodies which bound Bps, 

signifying that Bps is produced during a human infection and that it is targeted by 
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the adaptive immune response. Not only does this implicate Bps as an important 

antigen, but it also suggests that it could be a potential vaccine constituent. A 

pertussis vaccine which includes Bps as a component could not only lead to 

increased protection from severe infection, but may also lead to decreased 

carriage of the organism since this vaccine would be specifically able to target a 

known biofilm component. Inducing an antibody response against a β-1-6 N-

acetylglucosamine containing compound could provide protection not only 

against B. pertussis, but could also elicit immunity towards other species such as 

S. aureus, Y. pestis, and V. cholera which produce similar antigens (8, 13, 18). 

Vaccination which would protect against multiple life threatening pathogens 

would be an invaluable addition to the current vaccine regimen and public health 

in general.   

 In the process of characterizing Bps, we examined the regulation of this 

virulence factor, to better determine its role in pathogenesis. As expected with a 

biofilm associated factor, we determined that bpsABCD is differentially expressed 

between biofilm and planktonic growth states. However, we were surprised to 

discover that bps was regulated independently of the BvgAS two component 

system. This was especially surprising since biofilm formation, as well as almost 

every other known virulence factor in Bordetella, is controlled by this system (7, 

11). This led us to the identification of the MarR-like protein BpsR, which was 

determined to be a repressor of bps transcription and polysaccharide synthesis. 

Purified BpsR is capable of binding to the bps promoter in a specific manner 

approximately -15 to -170 bp upstream of the transcriptional start site. The 
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identification of this novel regulator in Bordetella could lead to multiple studies 

examining how it controls bps expression as well as other potential targets in the 

Bordetella genome which may be involved in virulence. 

 Little is known about the bpsR ORF or the BpsR protein except that it is 

similar to the MarR family of transcriptional regulators. This family of proteins is a 

class of DNA binding molecules which interact with their target sequence through 

a winged helix-turn-helix motif (1). MarR-like proteins often form oligomers when 

binding DNA allowing for greater specificity to their target sequence (2). Although 

it appears BpsR contains a winged helix-turn-helix binding domain, a site for 

protein-protein interactions is more difficult to elucidate due to variations in this 

domain between MarR-like proteins. The exact residues of the BpsR helix-turn-

helix domain which are necessary for DNA binding and its specific target 

sequence have yet to be determined and will need to be investigated through 

mutational analysis. It is also likely that BpsR binding is regulated through an 

interaction with ligands as is common with MarR proteins (9). Small molecules, 

such as salicyclate, have been found to bind to MarR-like proteins and induce 

changes in the protein which either inhibit or enhance the DNA binding ability of 

the protein (9, 17). Understanding the mediators of BpsR binding or regulation 

would provide key insights into the regulation of biofilm formation and virulence in 

Bordetella species. 

Given that BpsR is a repressor of Bps synthesis, it is tempting to 

speculate on the effects of overproduction of Bps in, biofilm formation and 

colonization, especially in B. pertussis which is dependent on Bps for nasal 
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colonization. One hypothesis would be that the increase in Bps, due to a deletion 

of bpsR, would result in longer persistence of Bordetella in vivo. A strain lacking 

the repressor would be hypothesized to display increased colonization resulting 

in more severe disease and possibly be more transmissible due to augmented 

biofilm formation in the nose of the host. BpsR is potentially one of the key 

regulators of Bordetella virulence due to its control of Bps which has been shown 

to influence biofilm formation, adherence, colonization, and to which an adaptive 

immune response is mounted to clear the pathogen. Future studies will examine 

how this regulator controls Bps related pathogenesis as well as identifying other 

putative targets of BpsR.  

 In conclusion, we have demonstrated that the ability of B. pertussis to form 

biofilms both in vitro and in vivo is dependent on the Bps polysaccharide. The 

development of novel therapeutics targeted against this virulence factor would 

not only decrease B. pertussis disease and carriage, but may also decrease the 

incidence of other pathogens which express similarly structure polysaccharides. 

In conjunction with the characterization of Bps we identified a novel regulator, 

BpsR, in Bordetella and determined it to be a repressor of Bps production. A 

better understanding of the workings of this regulator and how it influences Bps 

production, biofilm formation, or other potential virulence factors will further our 

knowledge of the infectious cycle of Bordetella species and lead to the 

identification of new vaccine candidates with a goal of decreasing incidence of 

Bordetella infections. 

 
 



175 
 

References 
 

1. Alekshun, M. N., Y. S. Kim, and S. B. Levy. 2000. Mutational analysis of 
MarR, the negative regulator of marRAB expression in Escherichia coli, suggests 
the presence of two regions required for DNA binding. Mol Microbiol 35:1394-
404. 

 
2. Alekshun, M. N., S. B. Levy, T. R. Mealy, B. A. Seaton, and J. F. Head. 2001. 

The crystal structure of MarR, a regulator of multiple antibiotic resistance, at 2.3 
A resolution. Nat Struct Biol 8:710-4. 

 
3. Brennan, M. J., and R. D. Shahin. 1996. Pertussis antigens that abrogate 

bacterial adherence and elicit immunity. Am J Respir Crit Care Med 154:S145-9. 
 
4. Conover, M. S., G. P. Sloan, C. F. Love, N. Sukumar, and R. Deora. The Bps 

polysaccharide of Bordetella pertussis promotes colonization and biofilm 
formation in the nose by functioning as an adhesin. Mol Microbiol 77:1439-55. 

 
5. Costerton, J. W., P. S. Stewart, and E. P. Greenberg. 1999. Bacterial biofilms: 

a common cause of persistent infections. Science 284:1318-22. 
 
6. Hoepelman, A. I., and E. I. Tuomanen. 1992. Consequences of microbial 

attachment: directing host cell functions with adhesins. Infect Immun 60:1729-33. 
 
7. Irie, Y., S. Mattoo, and M. H. Yuk. 2004. The Bvg virulence control system 

regulates biofilm formation in Bordetella bronchiseptica. J Bacteriol 186:5692-8. 
 
8. Mack, D., W. Fischer, A. Krokotsch, K. Leopold, R. Hartmann, H. Egge, and 

R. Laufs. 1996. The intercellular adhesin involved in biofilm accumulation of 
Staphylococcus epidermidis is a linear beta-1,6-linked glucosaminoglycan: 
purification and structural analysis. J Bacteriol 178:175-83. 

 
9. Martin, R. G., and J. L. Rosner. 1995. Binding of purified multiple antibiotic-

resistance repressor protein (MarR) to mar operator sequences. Proc Natl Acad 
Sci U S A 92:5456-60. 

 
10. Massa, H. M., A. W. Cripps, and D. Lehmann. 2009. Otitis media: viruses, 

bacteria, biofilms and vaccines. Med J Aust 191:S44-9. 
 
11. Mishra, M., G. Parise, K. D. Jackson, D. J. Wozniak, and R. Deora. 2005. The 

BvgAS signal transduction system regulates biofilm development in Bordetella. J 
Bacteriol 187:1474-84. 

 
12. Parise, G., M. Mishra, Y. Itoh, T. Romeo, and R. Deora. 2007. Role of a 

putative polysaccharide locus in Bordetella biofilm development. J Bacteriol 
189:750-60. 



176 
 

 
13. Perry, R. D., A. G. Bobrov, O. Kirillina, H. A. Jones, L. Pedersen, J. Abney, 

and J. D. Fetherston. 2004. Temperature regulation of the hemin storage (Hms+) 
phenotype of Yersinia pestis is posttranscriptional. J Bacteriol 186:1638-47. 

 
14. Preston, A., J. Parkhill, and D. J. Maskell. 2004. The bordetellae: lessons from 

genomics. Nat Rev Microbiol 2:379-90. 
 
15. Sloan, G. P., C. F. Love, N. Sukumar, M. Mishra, and R. Deora. 2007. The 

Bordetella Bps polysaccharide is critical for biofilm development in the mouse 
respiratory tract. J Bacteriol 189:8270-6. 

 
16. Sukumar, N., M. Mishra, G. P. Sloan, T. Ogi, and R. Deora. 2007. Differential 

Bvg phase-dependent regulation and combinatorial role in pathogenesis of two 
Bordetella paralogs, BipA and BcfA. J Bacteriol 189:3695-704. 

 
17. Wilkinson, S. P., and A. Grove. 2006. Ligand-responsive transcriptional 

regulation by members of the MarR family of winged helix proteins. Curr Issues 
Mol Biol 8:51-62. 

 
18. Yildiz, F. H., and G. K. Schoolnik. 1999. Vibrio cholerae O1 El Tor: 

identification of a gene cluster required for the rugose colony type, 
exopolysaccharide production, chlorine resistance, and biofilm formation. Proc 
Natl Acad Sci U S A 96:4028-33. 

 
19. Yildiz, F. H., and K. L. Visick. 2009. Vibrio biofilms: so much the same yet so 

different. Trends Microbiol 17:109-18. 
 
 
 
 



177 
 

 
 
 
 
 
 
 
 
 

 
 
 
 

Chapter 5: Curriculum Vitae 
 

 



178 
 

 
Matt Conover 

1636 Asherton Dr., Winston Salem, NC 27127 
704-689-0524 
mconover@wfubmc.edu 

EDUCATION 

 Wake Forest University, NC 
Ph.D. in Molecular Genetics 2006-Present 
Expected graduation in December 2010 

Campbell University, NC 
B.S. in Biochemistry and Biology 2002-2006 

Summa cum laude 

AWARDS 

 o Appointed to the Microbiology and Immunology training grant 
(NIH T32), Wake Forest University 

o Awarded Travel Grant for Ninth International Bordetella 
Symposium 

2008-2011 

 
                    2010 

o Excellence in Biochemistry Award, Campbell University     2006 
o Sigma Xi grant for undergraduate research, Campbell 
University 

2005-2006 

TEACHING EXPERIENCE 

 Teaching Assistant – General Chemistry Lab instructor 
o Taught and supervised labs, tutored and met with students upon 
request, graded all written work and exams 

2004-2006 

Mentoring                                                                                                                            2007- 2010                 
o Mentored four undergraduate and junior graduate students at                      

Wake Forest                  

ABSTRACTS AND MEETINGS 

  
o Conover, M.S., Mishra, M., Deora, R. Extracellular DNA is essential for maintaining 
Bordetella biofilm integrity on abiotic surfaces and in the mouse respiratory tract. Ninth 
International Bordetella Symposium, 2010. 

 
o Conover, M.S., Sukumar, N. Sloan, G., Mishra, M., Deora, R. The MarR-like protein, 
BpsR, functions as a negative regulator of Bps polysaccharide expression. Ninth 
International Bordetella symposium, 2010. 

 
o Conover, M.S., Sloan, G.P., Sukumar, N., Love, C.F., Deora, R. Organotropic role of the 
biofilm associated Bps exo-polysaccharide in colonization of the respiratory tract. 5th ASM 
Conference on Biofilms, 2009. 

 
o Conover, M.S., Sloan, G.P., Sukumar, N., Love, C.F., Deora, R. The Bps polysaccharide of 
Bordetella pertussis is essential for biofilm development and virulence in a mouse model of 
infection. The 52nd Annual Wind River Conference on Prokaryotic Biology 2008. 

 

 
 

 



179 
 

 

PUBLICATIONS 

  
o Serra, D.O., Sloan, G. P., Arnal, L., Conover, M.S., Rodriguez, M. E., Yantorno O. M., 
Deora, R. Filamentous hemagglutinin-mediated cell-substrate and cell-cell adhesions are 
critical for Bordetella pertussis biofilm formation on abiotic surfaces and in the mouse nose 
and trachea. Mol. Micro. Under Review. 
 

o Mishra, M†., Conover, M.S†., Deora, R. Extracellular DNA is essential for maintaining 
Bordetella biofilm integrity on abiotic surfaces and in the mouse respiratory tract. PLoS 
One, Under Review. 
 

o Conover, M. S., Sloan, G. P., Love, C. F., Sukumar, N. Deora, R. The Bps polysaccharide 
of Bordetella pertussis promotes colonization and biofilm formation in the nose by 

functioning as an adhesin. Mol. Micro. (2010) 77(6), 1439–1455. 
 
o Sukumar, N., Sloan, G. P., Conover, M. S., Love, C. F., Mattoo, S., Kock, N. D. & Deora, 
R. 2010. Cross-species protection mediated by a Bordetella bronchiseptica strain lacking 
antigenic homologs present in acellular pertussis vaccines. Infect Immun 78: 2008-16. 

 
o Ma, L., Conover, M., Lu, H., Parsek, M.R., Bayles, K., Wozniak, D. 2009. Assembly and 
Development of the Pseudomonas aeruginosa Biofilm Matrix. PLoS Pathog 5(3): e1000354. 
doi:10.1371/journal.ppat.1000354 

 
o Sukumar, N., Love, C., Conover, M. S., Kock, N., Dubey, P., Deora, R. 2009. Active and 
passive immunizations with Bordetella colonization factor a protect mice against 
respiratory challenge with Bordetella bronchiseptica. Infect Immun, 77(2): p. 885-95. 

 

RESEARCH SKILLS 

 o Molecular Techniques- cloning, western blots, real time RT-PCR, protein 
purification, footprints, EMSAs, primer extension, biofilm assays, RNA extraction, 
cDNA synthesis, RACE-PCR, ELISAs 

o Microscopy- confocal microscopy, scanning electron microscopy, standard light 
microscopy 

o Tissue culture- maintaining immortalized cell lines in culture, attachment 
assays, opsonophagocytosis assays 

o Animal models- intranasal inoculation, tissue harvesting, bronchial alveolar 
lavage 

 

MEMBERSHIPS 

 
• American Society of Microbiology 

 


