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Abstract

Clinical infections by Pseudomonas aeruginosa, a deadly Gram-negative, opportunistic pathogen of immunocompromised
hosts, often involve the formation of antibiotic-resistant biofilms. Although biofilm formation has been extensively studied
in vitro on glass or plastic surfaces, much less is known about biofilm formation at the epithelial barrier. We have previously
shown that when added to the apical surface of polarized epithelial cells, P. aeruginosa rapidly forms cell-associated
aggregates within 60 minutes of infection. By confocal microscopy we now show that cell-associated aggregates exhibit key
characteristics of biofilms, including the presence of extracellular matrix and increased resistance to antibiotics compared to
planktonic bacteria. Using isogenic mutants in the type Il secretion system, we found that the translocon, but not the
effectors themselves, were required for cell-associated aggregation on the surface of polarized epithelial cells and at early
time points in a murine model of acute pneumonia. In contrast, the translocon was not required for aggregation on abiotic
surfaces, suggesting a novel function for the type Ill secretion system during cell-associated aggregation. Supernatants from
epithelial cells infected with wild-type bacteria or from cells treated with the pore-forming toxin streptolysin O could rescue
aggregate formation in a type lll secretion mutant, indicating that cell-associated aggregation requires one or more host cell
factors. Our results suggest a previously unappreciated function for the type lll translocon in the formation of P. aeruginosa
biofilms at the epithelial barrier and demonstrate that biofilms may form at early time points of infection.
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Introduction The Gram-negative, opportunistic pathogen P. aeruginosa

causes both life-threatening hospital-acquired acute infections—

For Pseudomonas aeruginosa and many other human patho-
gens, biofilms are an important mode of growth in a wide variety
of clinically significant infections, including lung infections in cystic
fibrosis patients, endocarditis, and periodontitis [1,2]. A widely
accepted and core definition of a biofilm comprises: 1) the
presence of aggregates or microcolonies that adhere to a surface, 2)
encasement in an extracellular matrix, and 3) increased resistance
to antimicrobials [1-3]. This last feature has profound clinical
implications and is thought to account for many infectious disease
challenges, including recurrent or persistent infections and the
spread of infectious emboli [4]. Thus, models of human
pathogenic infections that incorporate biofilms and host cells are
essential for developing rational approaches to prevention and
treatment.
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including ventilator-associated pneumonia, post-operative wound
infections, and skin and soft tissue infections in burn patients—as
well as chronic lung infections in patients with cystic fibrosis.
Previous reports support the concept that acute infections are
associated with the planktonic life style, whereas chronic infections
involve biofilm formation in the host [5]. For example, critical
virulence factors associated with acute infections, such as the type
IIT secretion system (T3SS)—a contact-dependent, needle-like
apparatus that directly injects bacterial toxins into infected host
cells—are inversely regulated with biofilm determinants, such as
the production of the exopolysaccharides Psl and Pel [6]. Some
recently published data challenges this idea [7-9].

However, most of what is known about P. aeruginosa biofilm
formation and development derives from studies on abiotic (i.e.
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Author Summary

Clinical infections by Pseudomonas aeruginosa, a deadly
Gram-negative, opportunistic pathogen of immunocom-
promised patients, involve the formation of antibiotic-
resistant biofilms. Although P. aeruginosa biofilm forma-
tion has been extensively studied on glass or plastic
surfaces, less is known about biofilm formation at the
epithelial barrier. This study shows that, on epithelial cells,
P. aeruginosa forms aggregates that exhibit key character-
istics of biofilms. Furthermore, we demonstrate that
aggregation on epithelial cells and at early time points in
mouse pneumonia requires pore formation mediated by
the type lll secretion system. Our results indicate that
biofilm-like aggregation is induced by a host cell factor
that is released after pore formation, suggesting an
unexpected role for an acute virulence factor in biofilm
formation.

glass or plastic) surfaces. Although relevant to device-related
infections, whether these findings are pertinent to biofilms formed
at the epithelial barrier, such as in lung tissue, are important
unanswered questions. Only a few groups have investigated P.
aeruginosa biofilm formation on epithelial cells [10,11]. While that
work has shown that host cells play an important role in the
development of biofilms, the bacterial virulence determinants of P.
aeruginosa biofilm formation on eukaryotic cells have not been
fully examined.

We have previously used P. aeruginosa infection of polarized
epithelial cells to model host-pathogen interactions at the mucosal
barrier [12,13]. When grown for several days on porous
membrane filters (Transwells), Madin-Darby Canine Kidney
(MDCK) epithelial cells form well-polarized, confluent monolayers
with distinct apical and basolateral surfaces that are separated by
tight junctions [14]. When P. aeruginosa is added to the apical
surface of polarized epithelial cells, cell-associated aggregates are
formed from free-swimming planktonic bacteria within 30 minutes
[15,16]. The binding of cell-associated aggregates induces
remarkable changes in epithelial cell polarity that result in the
formation of an actin-rich host cell protrusion at the site of
aggregate binding [15,17]. This model system allows clinically
important questions to be asked about the mechanism and
requirements of cell-associated aggregation during infection at the
epithelial barrier, which can then be extended to i vivo models of
human disease.

We used this epithelial cell model system together with a murine
model of acute P. aeruginosa pneumonia to investigate whether
cell-associated aggregates of P. aeruginosa show characteristics of
biofilms and whether biofilm formation is modulated by the T3SS.
Our studies reveal a previously unappreciated role of the T3SS in
the formation of biofilms at the epithelial barrier. Furthermore,
our results indicate that biofilm formation may occur at early time
points of infection, thus opening up new therapeutic strategies for
treating acute P. aeruginosa infections.

Results

Cell-associated aggregates represent biofilms

We first tested whether cell-associated aggregates showed key
characteristics of biofilms, including the presence of a matrix
containing extracellular DNA (eDNA) and exopolysaccharides,
increased resistance to antimicrobials, and a requirement for the
major adhesins type IV pili and flagella [3,18]. Confluent
monolayers of MDCK epithelial cells were apically infected with
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the P. aeruginosa strain PAK or PAOI, fixed after 60 minutes of
infection, and examined by laser scanning confocal microscopy
together with fluorescent probes for DNA and polysaccharides.
Incubation with DDAO [19], a nucleic acid stain, revealed a cloud
of eDNA within and surrounding the aggregate (Figure 1A). The
aggregates also stained with the lectins FITC-HHA (Figures 1B
and S1B), which binds to the exopolysaccharide Psl [20,21], and
FITC-Concanavalin A (Figures SIA and B), which binds to
mannose-containing polysaccharides such as alginate. The ob-
served lectin staining of bacterial aggregates was specific, as no
FITC-HHA or FITC-Concanavalin A staining was observed in
PAO1ApelFpsiD, a strain lacking two major P. aeruginosa
exopolysaccharides (Figure S1B).

To determine whether cell-associated aggregates
increased resistance to antibiotics, PAK was incubated with high

showed

B PAK, FITC-HHA, Actin

PAK, DDAO, Actin

Liquid culture

On MDCK cells

Amikacin

No antibiotics

Figure 1. Cell-associated aggregates show key characteristics
of biofilms. (A) MDCK cells were infected with PAK-GFP (green), fixed,
and stained for actin (blue) and extracellular DNA with DDAO (purple).
(B) MDCK cells were infected with PAK-mCherry (red), fixed, and stained
for actin (blue) and with FITC-HHA, which binds to Psl. (C) Bacterial
viability after exposure to amikacin was evaluated by staining live
bacteria with SYTO 9 (green) and counterstaining dead bacteria with
propidium iodide (red). MDCK cells were also stained for actin (blue).
Bacteria were incubated in liquid culture (MEM, top row) or with MDCK
cells (bottom row). After 60 minutes of infection, bacteria in liquid
culture or on MDCK cells were treated with amikacin (400 ug/ml) for
2 hours (top right and bottom right panels). Adherent single bacteria
showed propidium iodide staining after amikacin treatment (white
arrows). Representative confocal images from three independent
experiments are shown. Scale bars, 10 um.
doi:10.1371/journal.ppat.1004479.g001
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doses of amikacin (400 ug/ml, >50 times the MICis) for 2 hours,
fixed, and subjected to live (green)/dead (red) staining. Although
100% of planktonically grown bacteria were killed after 2 hour
exposure to amikacin, only a small fraction of the bacteria in cell-
associated aggregates were killed by amikacin (red/orange
staining), while most remained viable (Figure 1C). Single bacteria
bound to MDCK cells were uniformly killed by amikacin (white
arrows). These findings indicate that cell-associated wild-type
aggregates exhibit resistance to high doses of amikacin and suggest
that antibiotic resistance is specific to cell-associated aggregates,
but not to adherent single bacteria. Live/dead staining of
PAO1ApelFpslD aggregates after 2 hour exposure to amikacin
showed that all bacteria were readily killed (Figure S1C), further
suggesting that antibiotic resistance of cell-associated aggregates
requires exopolysaccharide production.

We next sought to determine the role of flagella and type IV pili
in cell-associated aggregation, as these two P. aeruginosa adhesins
are required for abiotic biofilm formation [18,22]. To quantify
cell-associated aggregation, we recorded the number of cell-
assoclated aggregates (defined as groupings of =10 bacteria)
formed after 60 minutes of infection by imaging 342 consecutive
fields (5%10° square microns) in the center of each monolayer with
spinning disk confocal microscopy. Formation of cell-associated
aggregates was reduced by 90-95% in both the non-flagellated
mutant PAKAfiC and the non-piliated mutant PAKApilA (Figure
S2). Together, these results support the hypothesis that cell-
associated aggregates represent P. aeruginosa biofilms.

Cell-associated aggregation requires the T3SS translocon
but does not require T3SS effectors

The T3SS is a key virulence determinant in acute infections in
vitro and in vivo [23], but most published studies suggest that it is
downregulated in abiotic biofilms [6,9,24,25]. To investigate the
role of T3SS components in cell-associated aggregates, we infected
MDCK cells stably expressing the PH domain of Akt fused to GFP
(PH-Akt-GFP), a probe for the basolateral phospholipid phospha-
tidylinositol 3,4,5-trisphosphate (PIP3) [26], with a panel of
1sogenic T3SS mutants. This cell line allowed us to visualize host
cell protrusions at the site of aggregate binding [15,17]. The
bacterial strains tested were PAKASTY, which lacks all known
secreted effectors of PAK; PAKApscC, which harbors a mutation
in a structural gene for the T3SS needle apparatus and therefore
cannot form a needle complex or a translocon; and PAKApopB,
which harbors a mutation in an essential component of the pore-
forming translocon but has a functional T3SS needle apparatus
[27].

We first observed that the effectorless mutant PAKASTY could
form cell-associated aggregates similar to those formed by PAK
(Figures 2A and 2B). Furthermore, these aggregates were associ-
ated with the formation of membranous protrusions on the apical
surface of MDCK cells that were enriched in PIP3, as occurs with
wild-type bacteria [17]. Quantification by spinning disk confocal
microscopy demonstrated that the efficiency of cell-associated
aggregation was similar in PAK and PAKASTY (Figure 2D).
Thus, the three known T3SS effectors encoded in PAK are not
required for cell-associated aggregate or protrusion formation. In
contrast, PAKApscC and PAKApopB showed a 66% decrease in
cell-associated aggregation (Figure 2D). Importantly, overall
binding was not decreased: individual or groups of 2 to 3 bacteria
were observed to bind to the cell surface (Figure 2C, Figure S3A),
and the number of bound colony-forming units (CFUs) per well
was similar in all mutants when measured by conventional
adhesion assays (Figure S3B), consistent with previous reports [28].
The few aggregates that were formed by PAKApopB resembled
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Figure 2. Cell-associated aggregation requires the T3SS
translocon but does not require T3SS effectors. MDCK cells
stably transfected with PH-Akt-GFP (green) were infected with mCherry-
expressing (A) PAK, (B) PAKASTY (lacks the known T3SS effectors), or (C)
PAKApopB (has the functional needle apparatus but lacks the
translocon) for 60 minutes, fixed, and stained for actin (blue). Cell-
associated aggregates (red) were visible with PAK (A) and PAKASTY (B)
and were accompanied by formation of membranous protrusions
(white arrows) containing PH-Akt-GFP. PAK4popB (C) bound individu-
ally or as groups of 2 to 3 bacteria. Representative confocal images from
three independent experiments are shown. Scale bars, 10 um. (D) Cell-
associated aggregation by PAK and T3SS mutants was quantified using
spinning disk confocal microscopy. Shown is the number of aggregates
(=10 bacteria) normalized to PAK (n=3 independent experiments).
Data are mean * SEM. ***p<<0.001 compared to PAK. Statistics in
Supplemental Statistical Analysis (Text S1).
doi:10.1371/journal.ppat.1004479.9002

wild-type aggregates in production of eDNA (Figure S3C) and
exopolysaccharide (Figure S3D and E) and in antibiotic resistance
(Figure S3F). Overall, our results show that the T3SS translocon is
required for cell-associated aggregation, whereas the known T3SS
effectors are not required.

Bacterial aggregation in mouse pneumonia requires the
T3SS translocon but does not require T3SS effectors

To determine whether the T3SS also plays a role in bacterial
aggregation in vivo, mice were intranasally infected with PAK and
the T3SS mutants PAKASTY and PAKApopB. Lungs were
1solated, sectioned, and stained with anti-Pseudomonal antibody at
3 hours post-infection to examine differences in aggregation while
avoiding cytotoxicity to airway cells and the subsequent inflam-
matory response expected at later time points [29]. Overall
bacterial load (measured as CFUs/lung) was similar for all strains
(Figure S4A and B). Imaging of lung sections by widefield
epifluorescent microscopy (Figure 3A) and by confocal microscopy
(Figure S4C) after infection with PAK revealed the formation of
multiple bacterial aggregates attached to the epithelium of distal
airways and alveoli. Microscopic images of PAKASTY also
showed robust aggregation, whereas less aggregation was observed
with PAKApopB (Figure S4D).

Because intranasal infection results in “pockets” of high and low
bacterial density in the distal airways, over 60 widefield images of
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Figure 3. Bacterial aggregation in mouse pneumonia requires
the T3SS translocon but does not require T3SS effectors. BALB/
¢ mice were injected intranasally with PAK, PAKASTY, or PAKApopB and
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lungs were isolated, sectioned, and stained at 3 hours post-infection.
(A) Widefield epifluorescent imaging showed PAK (red) bound to lung
epithelium (green). Representative image from 67 images is shown.
Scale bar, 100 um. (B) The amount of aggregation by PAK and T3SS
mutants was quantified and plotted against bacterial density (n=60
images for each strain). Linear regression lines were applied to each
bacterial strain. (C) Comparisons of linear regression lines showed no
differences in slope but significant differences in the intercept of
PAKApopB compared to PAK or PAKASTY. Statistics in Supplemental
Statistical Analysis (Text S1).

doi:10.1371/journal.ppat.1004479.g003

varying bacterial density were analyzed for each bacterial strain.
By quantifying the proportion of total bacteria that was found
within aggregates, we discovered that the amount of aggregation
increased linearly with bacterial density across all strains.
(Figure 3B and Figure S4E). However, compared to PAK and
PAKASTY, PAKApopB showed a ~30% decrease in aggregation
as judged by pairwise comparisons using linear regression lines
(Figure 3C, p<<0.05). Thus, our results demonstrate that the early
stages of aggregation in a murine model of pneumonia are
dependent on the T3SS translocon but independent of the T3SS
effectors. These findings suggest that our model system of
aggregate formation on MDCK cells can be used to accurately
model in vivo events.

Co-infection with type Ill secretion-competent bacteria
restores cell-associated aggregation in the translocon
mutant

To elucidate the mechanism responsible for differences in
aggregation among 13SS mutants, we considered the possibility
that type III translocon-mediated membrane damage could result
in the release of a factor that could act in {rans to induce bacterial
aggregation. We therefore assayed by confocal microscopy
whether the defect in cell-associated aggregation of PAKApopB
could be rescued by co-infection with T3SS+ bacteria. Equal
numbers of PAKApopB expressing mCherry and T3SS+ bacteria
expressing GFP were added to the apical surface of MDCK cells
and the composition of the resulting aggregates was determined by
volumetric analysis. In control experiments, mixing of PAK-
mCherry with PAK-GFP led to the formation of cell-associated
aggregates composed equally of red and green bacteria (Fig-
ure 4A), consistent with previous reports that aggregates form de
novo after contact with the cell surface [16]. When PAKApopB-
mCherry was co-infected with PAK-GFP, the deficiency in cell-
assoclated aggregation was restored (Figure 4D), and the resulting
aggregates were also composed equally of red and green bacteria
(Figure 4B). Similarly, cell-associated aggregation of PAKApopB-
mCherry was restored by co-infection with PAKASTY-GFP
(Figures 4C and D), confirming that T3SS effectors were not
required for this process.

Although PAKAfliC and PAKApilA are deficient in binding
and motility, they have a functional T3SS [30]. We assessed
whether these mutants could restore cell-associated aggregation
when co-infected with PAKApopB. Upon co-infection of PAKAf-
liC-mCherry or PAKApilA-mCherry with PAKApopB-GFP, the
deficiency in aggregation was restored (Figures SOA-C). Remark-
ably, each cell-associated aggregate contained a few T3SS-
competent bacteria surrounded by many T3SS-deficient bacteria
(Figures S5A and B). Together, our findings indicate that the T3SS
can function in frans to induce formation of cell-associated
aggregates and that even a small number of adherent T3SS+
bacteria are sufficient to restore aggregation.
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Figure 4. Co-infection with T3SS+ bacteria restores cell-
associated aggregation in PAKApopB. MDCK cells were co-infected
with equal amounts of mCherry-expressing (red) and GFP-expressing
bacteria (green), fixed, and stained for actin (blue). Co-infection with (A)
PAK-mCherry and PAK-GFP, (B) PAKApopB-mCherry and PAK-GFP, and
(C) PAKApopB-mCherry and PAKASTY-GFP resulted in cell-associated
aggregates composed equally of both strains of bacteria. Representa-
tive 3-D reconstructions from three independent experiments are
shown. Scale bars, 10 um. (D) Cell-associated aggregation after co-
infection was quantified using spinning disk confocal microscopy.
Shown is the number of aggregates (=10 bacteria) normalized to PAK
(n=3 independent experiments). Data are mean = SEM. ***p<<0.001
compared to PAK. Statistics in Supplemental Statistical Analysis (Text
S1).

doi:10.1371/journal.ppat.1004479.9004

Cell-associated aggregation is restored by supernatants
from PAK-infected cells

We tested whether supernatants from infected cells were
sufficient to restore cell-associated aggregation in PAKApopB.
We co-incubated filtered apical supernatants from PAK-infected
MDCK cells with PAKApopB (Figure S6A) and quantified cell-
associated aggregation. Addition of filtered supernatant from
PAK-infected cells restored cell-associated aggregation to PAKA-
popB, whereas addition of filtered supernatant from bacterial
culture only, uninfected cells, or cells infected with PAKApopB,
did not (Figure 5A). These results show that an aggregate-inducing
factor is released into the supernatant. Furthermore, the presence
of both T3SS+ bacteria and the host cell is required for the
generation of this aggregate-inducing factor.

Although the type III translocon has only been shown to insert
into eukaryotic cells [31], our results did not distinguish whether
the translocon resulted in release of a factor from host cells or from
bacteria, nor did they exclude the possibility of a previously
undescribed type Ill-secreted effector. To discriminate among
these possibilities, we prepared supernatants from uninfected
MDCK cells exposed to the pore-forming toxin streptolysin O
(SLO) [32] and tested whether they could restore cell-associated
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Figure 5. Supernatants from PAK-infected cells restore cell-
associated aggregation and enhance abiotic biofilm formation.
(A) Cell-associated aggregation by PAKApopB in the presence of various
supernatants was quantified using spinning disk confocal microscopy
using the same method as in Figure 2D (n=3 independent exper-
iments). Data are mean * SEM. ***p<<0.001 compared to PAK. (B) PAK
and isogenic T3SS mutants were inoculated into tissue-culture media
(MEM) or supernatant from PAK-infected cells and assessed for biofilm
formation on microtiter plates (n=3 independent experiments). Data
are mean = SEM. *p<0.05 compared to control in MEM. Statistics in
Supplemental Statistical Analysis (Text S1).
doi:10.1371/journal.ppat.1004479.9005

aggregation to PAKApopB (Figure S6B). Lactate dehydrogenase
release assays confirmed that the amount of SLO used was
sufficient to permeabilize the apical membrane of the MDCK cells
without lysing the cell monolayer (see Materials and Methods).
Remarkably, addition of SLO-generated supernatant restored cell-
associated aggregation to PAKApopB (Figure 5A), suggesting that
a soluble factor released by host cells in response to pore formation
1s sufficient to induce aggregate formation.

The T3SS is not required for abiotic biofilm formation
Our results thus far showed that the T3SS translocon induces
release of a host cell factor that leads to biofilm-like aggregate
formation on the surface of polarized epithelial cells. We predicted
that there should be no effect of the T3SS on biofilm formation in
the absence of host cells. To test this hypothesis, we examined the
ability of PAK and the isogenic T3SS mutants to form biofilms
under two different abiotic conditions: flow chambers and static
microtiter plate assays. We found no difference among the
mushroom-shaped multicellular biofilm structures formed by
PAK, PAKASTY, PAKApscC, and PAKApopB after 96 hours of
growth in flow chambers (Figure S7). We further validated these
results in biofilms grown in tissue culture media on microtiter
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plates and observed no significant difference among PAK,
PAKASTY, PAKApscC, and PAKApopB after 17 hours of growth
(Figure 5B, black bars). Collectively, these results show that the
T3SS is not required for biofilm formation in the absence of host
cells.

The aggregate-inducing factor enhances abiotic biofilm
formation and is sensitive to heat treatment

We assessed whether our isolated aggregate-inducing factor was
sufficient to augment biofilm formation in the absence of host cells.
Filtered apical supernatants from PAK-infected MDCK cells were
added to PAK or the T3SS mutants, and biofilm formation on
microtiter plates was measured after 17 hours. Biofilm formation
in tissue culture media (MEM) served as the control. The
supernatant significantly increased biofilm formation in PAK
and in the T3SS mutants (Figure 5B, gray bars), demonstrating
that the aggregate-inducing factor can enhance biofilm formation
even on abiotic surfaces.

We used this assay to biochemically characterize the aggregate-
inducing factor. The ability of supernatants from PAK-infected
MDCK cells to enhance biofilm formation was diminished by heat
treatment at 95°C but not by protease treatment (Figure S8). Iron
has previously been established as a biofilm-enhancing factor, and
the iron chelator conalbumin has been shown to reduce P.
aeruginosa biofilm formation on airway epithelial cells [10,33].
Addition of conalbumin did not reduce the activity of the
aggregate-inducing factor (Figure S8). We thus conclude that the
aggregate-inducing factor is neither protein nor iron.

Discussion

Biofilm formation is increasingly recognized as a major problem
in human infections [2,3]. Because biofilms can resist innate
immune defenses and antibiotic therapy, prevention and adequate
eradication of biofilms present a difficult clinical challenge. Most
studies have examined P. aeruginosa biofilms formed on abiotic
(i.e. glass or plastic) surfaces, which may not recapitulate important
features of host-pathogen interactions. In this work, we establish
that co-culture of bacteria with polarized epithelial cells serves as a
robust model system of biofilm formation that accurately predicts
key aspects of in vivo infections. We demonstrate a previously
unappreciated role for the type III secretion translocon in biofilm-
like aggregate formation on polarized epithelial cells and in a
murine model of acute pneumonia.

Several lines of evidence indicated that cell-associated aggre-
gates exhibit key characteristics of biofilms. First, these aggregates
contained both extracellular DNA and exopolysaccharides, known
components of the extracellular matrix of biofilms. Second, the
aggregates showed increased resistance to doses of aminoglycoside
that readily kill planktonic bacteria. Third, our results suggest that
the flagella and Type IV pili—adhesins that are known
requirements for biofilm formation [18,22]—are also required
for cell-associated aggregation. Our cell-associated model system
provides a robust tool for investigating many other virulence
determinants of biofilms and will be used in future experiments to
examine the role of exopolysaccharide secretion, cyclic di-GMP
production, and quorum-sensing.

Through quantitative analysis of infected mouse lungs, we
uncovered a previously undescribed role for the type III translocon
in early in vivo infection. Translocon-competent bacteria were
more efficient at forming aggregates in the distal airways and
alveoli of the lung at 3 hours after infection. While numerous
studies clearly show that the type III secreted effectors contribute
to virulence [31], the role of the translocon is less well-defined.
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Previous reports have described translocon-dependent pathoge-
nicity i vitro [27,34-36] and in wvivo [37], although the
mechanism remains unclear. Our results also indicate a role for
the translocon in the formation of aggregates at early timepoints of
infection, which may confer advantages to bacteria, including
resistance to antibiotics. However, the inner rod protein of the
T3SS has been shown to activate the cytosolic innate immune
response and thus may also alert the host to infection [38].
Therefore, early formation of T3SS-dependent aggregates has
important implications for the balance between host and
pathogen.

Although several in vitro studies have reported that the T3SS of
P. aeruginosa and abiotic biofilm formation are reciprocally
regulated [6,24,25], we determined that the T3SS is essential for
the initiation of cell-associated aggregation in conditions that may
recapitulate human infections. These results imply that the
coordinate regulation of T3SS and biofilm formation may be
more complex during formation of cell-associated aggregation.
Indeed, some studies have shown that T3SS can be activated in a
subset of biofilm-grown bacteria [7-9]. Our data suggest a model
in which a few type III secretion-competent bacteria adhere to the
apical surface of the epithelial barrier and elicit the release of one
or more host cell factors (Figure S9). It is currently unclear
whether this release is solely a result of apical cell membrane
damage or if it requires downstream signaling from the host cell.
The released host cell factor is sufficient for inducing the formation
of cell-associated aggregation even in bacteria that lack a
functional T3SS. Future studies will examine whether T3SS is
downregulated at later time points and whether known regulators
of the T3SS in abiotic biofilms, including the RetS/GacS signaling
pathway [6], also impact cell-associated aggregation.

Remarkably, our results suggest that this host cell factor has a
significant enhancing effect even on biofilms grown on abiotic
surfaces. Although we did not investigate P. aeruginosa infection
of other cell lines, we speculate that the same factor may be
responsible for the T3SS-dependent phenomena of “pack-
swarming” of P. aeruginosa around macrophages [34]. Charac-
terization of the aggregate-inducing factor suggests that it is
neither iron nor protein, although it was sensitive to heat
treatment. The identity of the host factor and its mechanism of
action, which are currently being investigated, may offer new
therapeutic strategies for both cell-associated and abiotic biofilms
as well as P. aeruginosa infection of other types of cells.

Our work is consistent with kinetic measurements of aggregate
formation [16] in which time-lapse microscopy showed that cell-
assocliated aggregates develop within minutes after the recruitment
of a “sentinel” bacterium, followed by 1-2 more bacteria, and
then rapid accumulation of multiple bacteria. Thus, in contrast to
abiotic biofilm formation, biofilm-like aggregate formation on the
apical surface of polarized epithelial cells is extremely rapid. Our
work adds to a growing body of evidence that biofilms may form
during the time course of an acute infection. In an analogous in
vitro model system of P. aeruginosa biofilm formation on airway
epithelial cells, significant biofilm formation occurred within
3 hours of inoculation [10], while alginate-secreting biofilms have
been observed within 8 hours in a mouse model of acute burn
infection [39]. Uropathogenic E. coli also forms well-organized
biofilms in mouse bladders within 6-8 hours [40].

The formation of biofilms during acute infection may have
significant implications for medical treatment, as our work suggests
that antibiotic resistance develops at early time points of infection.
Our results indicate that antibiotic resistance may be mediated by
aggregate formation rather than bacterial adaptations—as single
bacteria adherent to MDCK cells were readily killed by
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antibiotics—and are consistent with recently published work that
shows that P. aeruginosa aggregates formed in stationary-phase
culture [41] and in agar gels [42] exhibit increased resistance to
antibiotics. Our work further suggests that exopolysaccharide
production plays a crucial role in antibiotic resistance, corrobo-
rating similar findings in abiotic biofilms [43]. An exopolysacchar-
ide matrix may function in biofilms by binding or sequestering
antibiotics, thus limiting penetration into the center of the
aggregate.

Previous studies reported that the T3SS is downregulated in
biofilms, both in in vitro abiotic systems and in longitudinal studies
of sputum from cystic fibrosis patients [44-46]. These studies have
contributed to the prevailing idea that virulence factors required
by P. aeruginosa for acute infection are incompatible with the
ability of P. aeruginosa to persist for years within the human host
as an antibiotic-resistant biofilm, suggesting that biofilms are only
compatible with chronic infections [5,47]. However, our results
demonstrate that T3SS-dependent biofilm formation and antibi-
otic resistance can develop during early time points of infection.
Further delineation of the role of biofilms in acute infections may
lead to new therapeutic strategies for treating antibiotic-resistant
P. aeruginosa infections.

Materials and Methods

Ethics statement

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Institutional Animal Care and Use
Committee of Northwestern University (protocol # 2011-1509).

Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are
described in Table 1. Bacterial cultures were streaked from frozen
cultures onto Luria-Bertani (LB) agar. For infections, cultures of P.
aeruginosa were grown in liquid LB overnight shaking at 250 rpm
at 37°C in 2 ml LB, diluted 1:100 into fresh minimal essential
medium (MEM), and grown for 2-3 hours to exponential phase.
Antibiotic concentrations used were carbenicillin 250 ug/ml and
amikacin 400 pg/ml.

Table 1. Strains and plasmids used in this study.

Role of Type Ill Translocon in Biofilm Formation

Infection of polarized epithelial monolayers

MDCK type II cells or MDCK type II cells stably expressing
PH-Akt-GFP [48] were cultured in minimum essential medium
(MEM) supplemented with 10% fetal bovine serum at 37°C with
5% COq [49]. For infections, cells were plated at an instant
monolayer density (6x10° cells/well) on 12-mm polycarbonate
Transwell filters (0.4 um pore size; Corning Glassworks, Corning,
NY) and cultured for 3 days. Media was changed every 24—
48 hours. Exponential phase P. aeruginosa (multiplicity of
infection (MOI)=100) was added to the apical chamber of the
Transwells for 60 minutes at 37°C. For mixed infection experi-
ments, two different strains of P. aeruginosa, one expressing GFP
and the other expressing mCherry, were combined (each at an
MOI=50) and immediately inoculated on the apical surface of
MDCK cells.

Bacterial adhesion assays

Bacterial adhesion assays (MOI =100) were performed on 3-
day Transwell-grown MDCK cells in triplicate wells as previously
described [50]. Results are reported for three independent
experiments with at least six replicates per experiment and are
normalized to PAK control (100%).

Immunofluorescence staining

For confocal microscopy, bacteria were removed at 60 min
post-infection by washing the cells three times with PBS. Unless
otherwise indicated, the samples were fixed with 4% paraformal-
dehyde at room temperature for 20 min, permeabilized as
necessary with 0.2% Triton X-100 at room temperature for
15 min, and stained as previously described [51]. Actin filaments
were stained with CF405M conjugated phalloidin (Biotium) or
with Alexa Fluor 350 phalloidin (Invitrogen). To stain extracellular
DNA, N, N-Dimethyldodecylamine N-oxide (DDAO, Sigma) was
diluted in DMSO to a final concentration of 10 uM, and
incubated with fixed samples overnight at 4°C. Fixed samples
were subsequently treated with RNase A 50 ug/ml at 37°C for
15 minutes before mounting. For staining mannose-containing
exopolysaccharides such as alginate, FITC-Concanavalin A (Sigma)
was diluted in water to a final concentration of 100 pug/ml and
incubated overnight at 4°C with samples fixed with 2% parafor-
maldehyde. For staining Psl, FITC-conjugated Hippeastrum

Strain or plasmid

Genotype and relevant characteristics

Source or reference

P. aeruginosa

PAK Wild type [27]
PAKAexoSTY In-frame deletion of exoS, exoT, and exoY [27]
PAKApscC In-frame deletion of pscC [27]
PAKApopB In-frame deletion of popB [27]
PAKAfIiC In-frame deletion of fliC [57]
PAKpilA:Tc" Tetracycline resistance cassette inserted into pilA [58]
PAO1 Wild type C. Manoil
PAO1ApelFpsID In-frame deletion of pelf and psiD J.J. Harrison
Plasmids
pMKB1:mCherry pMF230 derivative replacing GFPmut2 with mCherry RFP gene; Cb" [59]
pNPT-GFP Confers constitutive expression of GFP; Cb" B. Kazmierczak

Tc', tetracycline; Cb', carbenicillin.
doi:10.1371/journal.ppat.1004479.t001
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Hybrid Lectin Amaryllis (FITC-HHA, EY Laboratories) was
diluted to 100 pg/ml and incubated overnight at 4°C with
samples fixed with 2% paraformaldehyde. Although Psl has not
previously been described in PAK, the psl locus is present in the
PAK genome [Jorth P and Whiteley M (2013) Genbank
accession number KK037225.1].

For experiments to evaluate bacterial viability after exposure to
amikacin, MDCK cells were infected apically with log-phase
bacteria for 60 min. Side-by-side controls consisted of equal
numbers of bacteria incubated in MEM on the apical side of
empty Transwell filters. Samples were then treated with amikacin
(400 ug/ml) for 2 hours. To distinguish live from dead bacteria,
samples were first fixed with 4% paraformaldehyde before staining
with the BacLight Bacterial Viability Kit (Invitrogen) according to
the manufacturer’s instructions. Samples were subsequently
treated with RNase A 50 pg/ml at 37°C for 15 minutes before

mounting.

Image acquisition by confocal microscopy

For imaging, Transwell filters were excised with a scalpel and
mounted on glass slides using Prolong Gold with or without DAPI
(Invitrogen). Unless otherwise indicated, images were acquired
using a Nikon FN-1 Microscope equipped with a Nikon Clsi
spectral confocal, a Nikon Plan 100x/1.4 oil objective, and Clsi
software (Nikon). For samples stained with DDAO, which required
a far-red laser, images were acquired on a Nikon Ti-E microscope
equipped with a Yokagawa CSU22 spinning disk confocal and a
Nikon Plan Apo VC 100x/1.4 oil objective using Micro-Manager
software [52]. Confocal images of bacterial aggregation within
murine lungs were acquired with a Zeiss UV LSM510 confocal
microscope using a 100 x oil objective.

Quantitative imaging with confocal microscopy

For experiments in which we quantified the efficiency of cell-
associated aggregation, images were acquired on a Nikon Ti-E
microscope equipped with a Yokagawa CSU22 spinning disk
confocal with a Nikon Plan Fluor 40x/1.30 oil objective. Using
Micro-Manager software to pre-program a region of ~5%10°
square microns (342 fields) in the center of each specimen, we
quantified the number of cell-associated aggregates (defined as
groupings of =10 bacteria) and normalized them to results from
same-day infection with PAK control. Results are reported for
three or more independent experiments.

Confocal image analysis

Orthogonal images were processed and analyzed with NIS
Elements software (Nikon). Three-dimensional reconstructions
were processed and analyzed with IMARIS software (Bitplane).
For co-infection experiments, the relative volume of each strain of
bacteria within a single aggregate was determined using Image]
[53] (NIH) with the 3D Object Counter plug-in [54]. The number
of voxels in each channel (red or green) was measured and then
calculated as a percentage of total voxels. Results are reported for
three independent experiments.

Infection, fixation, and staining of mouse lungs

Mouse studies of acute pneumonia were conducted using the
mouse model described by Comolli et al [55]. Six- to eight-week old
female BALB/c mice were anesthetized by intraperitoneal injection
of a mixture of ketamine (75 mg/kg) and xylazine (5 mg/kg). Mice
were intranasally inoculated with 4x10"~7x10” CFUs of PAK,
PAKApopB, and PAKASTY in PBS. Inocula were confirmed by
plating serial dilutions on LB agar. For quantification of bacterial
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persistence at 3 hours post-infection, lungs were excised and
homogenized in 5 ml PBS. The bacterial load per lung was
determined by plating serial dilutions on Vogel-Bonner-minimal
(VBM) agar and incubating at 37°C overnight.

At 3 hour post-infection, the mice were anesthetized and
sacrificed by cervical dislocation. Lungs were excised and inflated
with approximately 800 ul of 4% paraformaldehyde (PBS, pH 7.4)
and placed in a vial of 10 ml 4% paraformaldehyde overnight at
room temperature for fixation. Lungs were then placed in a
sucrose gradient for cryoprotection prior to sectioning (15%
sucrose for 8 h, 30% sucrose overnight at room temperature).
Lungs were frozen using Clear Frozen Section Compound (VWR)
in a dry ice/isopentane bath. Six-micron sections were cut by the
Mouse Histology and Phenotyping Core of the Robert H. Lurie
Comprehensive Cancer Center at Northwestern University,
supported by the Northwestern University Mouse Histology and
Phenotyping Laboratory and a Cancer Center Support Grant
(NCI CA060553).

Slides were stored at —80°C prior to additional staining. For
visualization of bacterial aggregates, slides were acclimated to
room temperature and blocked with 1X TBS, 10% mouse serum,
1% BSA for 2 hours. Rabbit polyclonal anti-Pseudomonas
antibody (Abcam ab68538) was diluted 1:100 and applied for
2 hours at 37°C. Slides were washed with 1X TBS, 0.05% Triton
twice for 5 min each. Fluorescently-conjugated Alexa Fluor 555
secondary antibody (Invitrogen) was diluted 1:1000 and incubated
for 1 hour at 37°C. Slides were washed with 1X TBS, 0.05%
Triton twice for 5 min each, air-dried, and mounted using
Antifade mounting media (Invitrogen).

Imaging and quantitative analysis of infected murine
lungs

For each infected mouse, 5 lung sections from the base of the
lungs were imaged at Northwestern University Cell Imaging
Facility using a widefield TissueFAXS imaging system (TissueG-
nostics) with a 40 x oil objective. 1400x1000 micron regions from
each lung section were randomly selected for imaging. Between 2—
10 regions per lung section were imaged, depending on sample
quality, for a minimum of 15 images per mouse and at least 60
images per bacterial strain.

For each image, the number of bacteria within aggregates was
calculated with the Object Count tool in NIS Elements (Nikon).
Image thresholds were set so that a single rod-shaped bacterium
measuring 3 umx1 um generated a measured arca of 2.8 pum?
(area = mr®+2rh, where r = 0.5 um and h = 2 um). Aggregates were
defined as objects that contained =10 bacteria (or measured =
28 wm?). For each image, percent aggregation was defined as the
ratio of bacteria within aggregates to total bacteria.

In calculating bacterial density for each image, we noticed that
increased amount of lung tissue resulted in greater numbers of
bacteria, presumably due to increased availability of epithelial
surfaces upon which bacteria could bind. In contrast, images that
contained large empty airspaces and less lung tissue had fewer
bacteria. Therefore, bacterial density was defined as the ratio of
total bacteria to the amount of lung tissue in each image.

Cell permeabilization with streptolysin O (SLO)

SLO (Sigma) was reconstituted in PBS and immediately
aliquoted and frozen at —80°C: to preserve activity. Aliquots were
thawed, activated with 10 mM DT'T for 30 minutes at 37°C, then
immediately placed on ice at 4°C and used within one hour of
activation. Three-day Transwell-grown MDCK cells were washed
3 times with cold PBS. SLO (140 pl) was added to the apical
surface, and the basolateral medium was replaced with 1.5 ml of
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cold PBS. Cells were placed on ice and rocked for 10 minutes,
then washed twice with ice cold PBS. Room temperature PBS
(600 pl for the apical chamber and 1.5 ml for the basolateral
chamber of the Transwells) was added and the cells were then
incubated at room temperature for 45 minutes to enable pore
formation. Supernatants were used immediately. SLO activity was
quantified using the Cytotox 96 Assay (Promega), which measures
LDH release, according to the manufacturer’s instructions.
Because SLO activity varies among preparations, we used the
amount of SLO required to generate 60-80% cytotoxicity without
lysis of the cell monolayer (as determined by measuring basolateral
LDH release). For most preparations, this corresponded to
approximately 15 pg/ml of SLO. Results are reported for three
independent experiments.

Filtered supernatant experiments

Supernatant (500 pl) from Transwell-grown MDCK cells
infected with PAK for 60 minutes was collected by aspiration;
residual bacteria was removed by filtration through a 0.22 mi-
cron filter (Millipore) and used immediately. Supernatant sterility
was confirmed by plating ~50 pl on LB agar plates. Exponential
phase PAKApopB were pelleted by centrifugation (14000
RPM x5 min), re-suspended in 500 ul of filtered supernatant,
and inoculated on the apical surface of Transwell-grown MDCK
cells (MOI =100). Cell-associated aggregation was quantified by
spinning disk confocal microscopy. Results are normalized to
PAK control (100%) and reported for three or more independent
experiments.

To further characterize the aggregate-inducing factor, filtered
supernatants were subjected to one of several treatments prior to
addition of PAK. Heat treatment used 95°C for 30 minutes.
Proteinase K (Sigma) was added at a final concentration of
200 ug/ml to supernatants and incubated for 60 minutes at
37°C. A stock solution of conalbumin (Sigma) was prepared in
MEM immediately prior to use and added at a final concentra-
tion of 20 pg/ml to supernatants. Biofilm formation was
normalized to PAK control with untreated filtered supernatant
(100%). Results are reported for three or more independent
experiments.

Flow-chamber biofilm formation

Flow-chamber biofilms were grown in FAB minimal media
containing 0.6% glucose. Flow chambers had individual channel
dimensions of 1x4x40 mm. The flow system was inoculated by
mjecting 400 pl of an overnight culture diluted 1:1000 using a
sterile syringe (0.5 ml). Cells were allowed to attach for 1 hour
before flow was resumed at 1.75 RPM using a Watson Marlow
205S peristaltic pump. Biofilms were grown for 96 hours before
imaging and biomass was estimated. Images were obtained using a
laser scanning confocal microscope (Zeiss) using a 63x/1.4 oil
objective. 3-D reconstructions were generated using the imaging
software program IMARIS (Bitplane). The relative biofilm
biomass was measured using the statistical imaging software
COMSTAT?2. Results are reported for six independent experi-
ments with six images measured per experiment.

Microtiter plate biofilm formation

P. aeruginosa was inoculated into tissue-culture media (MEM)
or filtered supernatant from PAK-infected cells and incubated at
37°C for 17 hours. Biofilm formation on microtiter plates was
measured as previously described [56]. Results are reported for
three independent experiments with at least four replicates per
experiment.
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Statistical methods

Statistical significance was calculated using an unpaired two-
tailed ¢-test or ANOVA with post-hoc testing when appropriate.
Differences were considered to be significant at p values <0.05.

Supporting Information

Figure S1 Cell-associated aggregates of PAO1ApelFpsiD
lack exopolysaccharides and show susceptibility to
antibiotics. (A) MDCK cells were infected with PAK-mCherry
(red), fixed, and stained for actin (blue) and with FITC-
Concanavalin A (green), which binds to mannose-containing
polysaccharides. A small amount of FITC-Concanavalin A was
bound to MDCK cells as previously reported [12], but at a much
lower intensity than in cell-associated aggregates. (B) MDCK cells
were infected with PAO1-mCherry (red, left panels) and the
exopolysaccharide mutant PAO1ApelFpsiD-mCherry (red, right
panels), fixed, and stained for actin (blue). Samples were stained
with FITC-HHA (green, top panels), which binds to Psl, and with
FITC-Concanavalin A (green, bottom panels). (C) MDCK cells
were infected with PAO1ApelFpsliD for 60 minutes and then
treated with amikacin (400 ug/ml) for 2 hours. SYTO 9 stained
live bacteria (green) and propidium iodide counterstained dead
bacteria (red). Representative confocal images are shown. Scale
bars, 10 pm.

(TIF)

Figure S2 PAKAfliC and PAKApilA are deficient in cell-
associated aggregation. (A, B) The adhesin mutants PAKAf-
liC-mCherry (A) or PAKApilA-mCherry (red) (B) bound to the
apical surface of MDCK PH-Akt-GFP cells (green) individually or
as groups of 2 to 3 bacteria. Representative confocal images are
shown. Scale bars, 10 pm. (C) Cell-associated aggregation by PAK
and the adhesin mutants PAKAfliC and PAKApilA were
quantified using spinning disk confocal microscopy. Shown is the
number of aggregates (=10 bacteria) normalized to PAK (n=3
independent experiments). Data are mean * SEM. **¥p<0.001
compared to PAK. Statistics in Supplemental Statistical Analysis
(Text S1).

(TTF)

Figure S3 (A) PAKApscC is deficient in cell-associated
aggregation. MDCK cells stably transfected with PH-Akt-GFP
(green) were infected with PAKApscC-mCherry (red, lacks the
needle apparatus and translocon) for 60 min, fixed, and stained for
actin (blue). (B) T3SS mutants are not deficient in
adhesion. P. aeruginosa was added to the apical surface of
MDCK cells for one hour. Following washing, bound bacteria
were released by detergent and CFUs were enumerated (n=3
independent experiments). Data are mean * SEM. There was no
statistically significant difference among the strains (p=0.05), as
determined by one-way ANOVA. (C-F) Cell-associated
aggregates of PAKApopB contain extracellular matrix
and are resistant to antibiotics. MDCK cells were infected
with PAKApopB and stained for (C) extracellular DNA with
DDAO (purple), (D) Psl with FITC-HHA (green), and (E)
mannose-containing polysaccharide with FITC-ConA (green). (F)
After bacterial infection for 60 minutes, samples were treated with
amikacin (400 ug/ml) for 2 hours and stained with SYTO 9 for
live bacteria (green) and propidium iodide for dead bacteria (red).
MDCK cells were stained for actin (blue). Representative confocal
images are shown. Scale bars, 10 um.

(TIF)

Figure S4 Bacterial aggregation in murine pneumonia
requires the T3SS translocon. BALB/c mice were infected
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intranasally with PAK, PAKASTY, or PAKApopB and lungs were
1solated, sectioned, and stained at 3 hours post-infection (n = 3). (A)
Inoculum at 0 hours of infection (colored circles) and CFUs/lung
at 3 hours post-infection are shown for PAK (red squares),
PAKASTY (blue diamonds), and PAKApopB (green triangles).
(B) The output/input ratio (CFU/lung to inoculum) was similar
(1.1-1.2) for all strains, showing that PAKApopB was not deficient
in growth compared to PAK or PAKASTY. Data are mean *
SEM. (C) Confocal micrographs showed PAK (red) bound to lung
epithelium (green), and aggregates could be seen to be composed
of numerous bacteria. Representative image from 10 confocal
images is shown. Scale bar, 10 um. (D) Widefield epifluorescent
images showed more aggregate formation with PAKASTY than
with PAKApopB (red). Representative images from =60 images
for each strain are shown. Scale bars, 10 um. (E) The amount of
aggregation by PAK and T3SS mutants was quantified and
plotted against bacterial density (n=60 images for each strain).
Linear regression lines were applied to each bacterial strain. A
composite version of this data is shown in Fig. 3B. The individual
graphs are included here for clarity.

(TIF)

Figure S5 Co-infection with T3SS+ adhesin mutants
restores cell-associated aggregation in PAKApopB.
MDCK cells were co-infected with equal amounts of mCherry-
expressing (red) and GFP-expressing bacteria (green), fixed, and
stained for actin (blue). Co-infection with PAKApopB-mCherry
(red) and (A) PAKAfiC-GFP or (B) PAKApilA-GFP (green)
resulted in cell-associated aggregates that were composed mostly of
PAKApopB. The relative contribution of each strain to the total
cell-associated aggregate was analyzed using volumetric software
and depicted as a pie graph (n=3 independent experiments and =
5 aggregates per experiment). Data are mean * SD. (C) Cell-
associated aggregation after co-infection was quantified using
spinning disk confocal microscopy. Shown is the number of
aggregates (=10 bacteria) normalized to PAK (n=3 independent
experiments). Data are mean = SEM. **p<0.001 compared to
PAK. Statistics in Supplemental Statistical Analysis (Text SI).
(TIF)

Figure S6 Depiction of supernatant experimental meth-
ods. (A) Supernatant from MDCK cells infected with PAK
(“Infection #1”°) was harvested, filtered, and co-incubated with
PAKApopB (“Infection #2”). (B) Supernatant from uninfected
MDCK cells treated with streptolysin O (“SLO treatment”) was
harvested and co-incubated with PAKApopB (“Bacterial infec-
tion”).

(TIF)

Figure S7 Flow-cell biofilm formation does not require
the T3SS. (A) GIP-expressing PAK, PAKASTY PAKApopB,
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PAKApscC, or PAKAexoSTY (green) was incubated in flow-
chamber cells and biofilm formation was assessed by confocal
microscopy after 96 hours. Representative 3-D reconstructions
from 6 independent experiments are shown. Scale bars, 30 um. (B)
Biofilm biomass was quantified from 36 confocal images (n=6
independent experiments and 6 images per experiment) after
96 hours of growth in flow chambers. Data are mean * SEM.
There was no statistically significant difference among the strains
(p=0.05), as determined by one-way ANOVA.

(TTF)

Figure S8 The aggregate-inducing factor is sensitive to
heat treatment but insensitive to protease treatment and
iron chelation. PAK was inoculated into tissue-culture media
(MEM) or into filtered supernatant from PAK-infected cells that
had been treated with heat (95°C for 30 minutes), proteinase K, or
the iron chelator conalbumin. Shown is biofilm formation on
microtiter plates, normalized to PAK control with untreated
filtered supernatant (n=3 independent experiments). Data are
mean * SEM. **p<(0.001 compared to untreated filtered
supernatant. Statistics in Supplemental Statistical Analysis (Text
S1).

(TIF)

Figure S9 Model for the role of T3SS in the formation of
biofilm-like aggregates. Insertion of the type III translocon
causes host cell damage and/or triggers host cell signaling. A host
cell factor is subsequently released, which induces the formation of
cell-associated aggregates. These cell-associated aggregates are
encased in an extracellular matrix and show increased resistance
to antibiotics.

(TTEF)

Text S1 Supplemental statistical analysis.
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