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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.

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
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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).

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 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.

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 Δbps 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
Δbps strain with a broad host range plasmid containing the entire bps locus (Δbpscomp)
resulted in both the restoration and hyperexpression of the immuno-reactive material. As
expected, the Δbps strain containing the vector plasmid alone (Δbpsvec) produced little of
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the PNAG-like material. The residual immuno-recative material that is observed in the Δbps
and the Δbpsvec 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.

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 Δbps 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 Δbps strain remained only slightly above the
background level of staining. The reduction in biofilm biomass of the Δbps strain is not due
to slower growth, since this strain grows similar to Bp 536 under both shaking and static
conditions (Fig. S1 and data not shown).

We also examined the Δbpscomp and the Δbpsvec 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 Δbps strain, we directly compared biofilms formed by the
Δbpsvec and the Δbpscomp strains. On culturing for extended periods (96 and 144h), while
the biofilm biomass formed by the Δbpsvec strain did not increase significantly, a four fold
increase was observed for the Δbpscomp strain (Fig. 1C), suggesting that complementation of
the Δbps mutant restores biofilm formation in the 12 well plates. Note that the reduction in
biofilm biomass of the Δbpsvec strain is not due to slower growth, since this strain grows
similar to Δbpscomp 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 Δbps 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. 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 Δbpscomp strain resulted in the restoration of the
multicellular appearance of the bacterial cells as observed for the wild type strain (Fig. 2E),
while the Δbpsvec strain was observed on the coverslips as single cells (data not shown).
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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 Δbps 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 Δbps 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 Δbps 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 the Δbps 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 continued survival 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 Δbps 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 Δbps strain displayed reactivity to actin only (Fig.
4A).

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).
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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 Δbps 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 Δbps-
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 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 Δbps 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 Δbps
strain was obtained from the nose and the trachea at lower numbers for all time-points
examined (Fig. 5). Even as early as six hours post-inoculation, the numbers of the Δbps
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 Δbps 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
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binding of bacteria to epithelial cells (Merkle et al., 1998). The Δbps mutant adhered at
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 Δbps 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 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 Δbps 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 Δpga 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 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,
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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 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.

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 be isolated from 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 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
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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 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 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
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(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 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 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 Δbps 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
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 Δbps 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 Δbps 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 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,
5×109 cells of different strains grown for three-four days at 37°C in broth culture were
harvested by centrifugation, resuspended in 100 µl of 0.5M EDTA and boiled for 5 min at
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100°C. Cells were removed by centrifugation and the supernatant was treated with 1mg
ml−1 of pronase for 3h at 37°C. At the end of the incubation period, samples were heated to
85°C 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 37°C under static
conditions. At each time point, the nonattached and loosely 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
37°C. 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 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 5×105 cfus of Bp 536 or the Δbps
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
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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 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 37°C 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 (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, 2×105 cells were seeded in 24 well culture plates containing media and
incubated overnight at 37°C under 5% CO2. The following day, 2×106 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 37°C 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 5×105 of B. pertussis cells in 1ml of DMEM followed by incubation
at 37°C 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 55°C for 15 min.
2×106 B. pertussis cells were incubated under gentle rocking at 37°C 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 exopoylsaccharide preparation enriched in Bps or a mock preparation was purified from
the Δbpscomp or the Δbpsvec strains, respectively. Cells were grown in 10 liters of
supplemented SS media with aeration at 37°C to 1 O.D. and harvested at 4°C. The cell pellet
was resuspended in 30 ml of 0.5M EDTA, boiled for 5 min and centrifuged at 4°C 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 4°C 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 37°C 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 −80°C. 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 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 37°C 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
37°C. The coverslips were washed in PBS, incubated with an anti-goat Alexa-fluor 488
antibody at a dilution of 1:200 for 1h at 37°C, 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.

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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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
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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); Δbps mutant grown for 24h (B) and 96h (D); Δbpscomp

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 Δbps 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.

Conover et al. Page 21

Mol Microbiol. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



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 Δbps 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), Δbps
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 Δbps mutant. Groups of five
6-week-old C57BL/6 mice were intranasally inoculated with 50 µl containing 5 × 105 cfus
of either the Bp 536 or Δbps 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 Δbps 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 Δpga 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 Δbpscomp strain or a mock-purified preparation from the Δbpsvec 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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