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Summary

Growing evidence is pointing to the importance of
multicellular bacterial structures in the interaction
of pathogenic bacteria with their host. Transition
from planktonic to host cell-associated multi-
cellular structures is an essential infection step
that has not been described for the opportunistic
human pathogen Pseudomonas aeruginosa. In
this study we show that P. aeruginosa interacts
with the surface of epithelial cells mainly forming
aggregates. Dynamics of aggregate formation
typically follow a sigmoidal curve. First, a single
bacterium attaches at cell–cell junctions. This is
followed by rapid recruitment of free-swimming
bacteria and association of bacterial cells result-
ing in the formation of an aggregate on the
order of minutes. Aggregates are associated with
phosphatidylinositol 3,4,5-trisphosphate (PIP3)-
enriched host cell membrane protrusions. We
further show that aggregates can be rapidly inter-
nalized into epithelial cells. Lyn, a member of the
Src family tyrosine kinases previously implicated
in P. aeruginosa infection, mediates both PIP3-
enriched protrusion formation and aggregate
internalization. Our results establish the first
framework of principles that define P. aeruginosa
transition to multicellular structures during inter-
action with host cells.

Introduction

Pseudomonas aeruginosa is a ubiquitous environmental
bacterium that is capable of causing acute infections in
individuals with wounds or those with immune defects, as
well as chronic infections with high mortality in cystic
fibrosis (CF) patients. Current concepts propose that
biofilm formation is a key factor in P. aeruginosa
CF-associated airway infections (Moreau-Marquis et al.,
2008a; Hall-Stoodley and Stoodley, 2009). Bacterial bio-
films are communities of cell aggregates attached to living
or abiotic surfaces embedded in an extracellular matrix
(Costerton et al., 1999). Interaction with host cells forming
multicellular structures is thought to be a common feature
among pathogenic bacteria, and is frequently observed in
vivo (Clausen and Christie, 1982; Menozzi et al., 1994;
Hassett et al., 2010). Many pathogenic bacteria attach to
the surface of cells forming microcolonies or aggregates.
Several lines of evidence support the notion that aggre-
gation is an important virulence mechanism. For example,
aggregated S. pyogenes bacteria adhere more efficiently
to epithelial cells than do non-aggregating S. pyrogenes,
and unlike the latter, survive and grow in the human
bloodstream (Frick et al., 2000). Type IV pili-mediated cell
aggregation is a prerequisite for N. gonorrhoeae adhesion
to host cells (Park et al., 2001). Finally, transition from a
planktonic state to surface-associated clusters is required
for biofilm formation (Stoodley et al., 2002; Lemon et al.,
2008). Although attaching in clusters seems to be a
common feature for pathogenic bacteria, there are many
different ways cluster formation is achieved. For example,
individual N. meningitidis cells attach to the surface of
endothelial cells and then proliferate to form large aggre-
gates or microcolonies (Mairey et al., 2006). Large aggre-
gates of Bartonella henselae are formed on the surface of
endothelial cells after cellular contact is established with a
leading lamella and bacteria. Subsequently, bacterial
aggregation is mediated by rearward transport on the cell
surface (Dehio et al., 1997). The process by which P.
aeruginosa makes the transition from planktonic to host-
associated aggregates, however, has not been described
to date.

After associating with the host cell surface, P. aerugi-
nosa can become intracellular. About 50% of clinical
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isolates studied can be measurably internalized into non-
phagocytic cells both in vivo and in vitro (Engel, 2003).
The role of internalization in the infection process,
however, is not clearly understood. Cellular uptake of P.
aeruginosa might permit intracellular replication in a host
environment in which it is protected from the immune
system. Uptake might facilitate transcytosis across epi-
thelial cells, allowing access to deeper tissues. Alterna-
tively, it might be beneficial for the host, as a defence
mechanism (Pier et al., 1996; Pier et al., 1997). Likewise,
the involvement of host signal transduction pathways in P.
aeruginosa internalization is poorly understood. Entry
relies on the actin cytoskeleton and is accompanied by
activation of Rho family GTPases, known regulators of the
actin cytoskeleton (Evans et al., 1998; Kazmierczak et al.,
2001; Darling et al., 2004; Pielage et al., 2008). Infection
results in tyrosine phosphorylation of several host pro-
teins including members of Src family tyrosine kinases
(SFKs) Src, Fyn and Lyn (Evans et al., 1998; Esen et al.,
2001; Kannan et al., 2006; Kannan et al., 2008). A role for
SFKs member Lyn in P. aeruginosa internalization has
been reported (Kannan et al., 2006; Kannan et al., 2008).
We previously demonstrated that activation of phosphati-
dylinositol 3-kinase (PI3K) and Akt is necessary for P.
aeruginosa entry from the apical surface of polarized epi-
thelial cells (Kierbel et al., 2005). We further showed that
large membrane protrusions enriched for de novo synthe-
sized phosphatidylinositol 3,4,5-trisphosphate (PIP3) and
actin formed at the apical surface at the site of bacterial
attachment (Kierbel et al., 2007). In those studies we
observed P. aeruginosa often attached to the apical
surface as bacterial aggregates.

In the present work we investigate the origin of those
aggregates and their implication in the host cell response
elicited by P. aeruginosa infection.

We found that P. aeruginosa makes the transition
from planktonic to host cell-attached aggregates on the
order of minutes by recruitment of free-swimming bac-
teria to localized spots on the cell surface. Aggregates
are associated with the previously described host-
membrane protrusions and can be internalized into epi-
thelial cells. We found that SFKs member Lyn mediates
both PIP3-enriched protrusion formation and aggregate
internalization.

Results

P. aeruginosa attaches mainly as aggregates to the
apical surface of epithelial cells

We have previously observed the presence of bacterial
aggregates on the surface of cultured epithelial cells after
infection with P. aeruginosa strain K (Kierbel et al., 2007).
To analyse and quantify cell-associated aggregation,

Madin–Darby canine kidney (MDCK) cells expressing the
pleckstrin homology (PH) domain of Akt fused to GFP
(PH-Akt-GFP) were infected with P. aeruginosa harbouring
fluorescent monomeric protein ‘Cherry’ (m-Cherry). The
PH domain of Akt is a protein probe for PIP3 that normally
localizes to the basolateral surface in polarized MDCK
cells (Yu et al., 2005). Infections were carried out for
30 min using P. aeruginosa grown to stationary phase.
Samples were then fixed and visualized either by scanning
electron or laser confocal microscopy. Figure 1A shows
scanning electron microscopy images of aggregates
adhered to the apical surface of MDCK cells. Individually
attached bacteria and bacterial aggregates were counted
in z-stack images of ~ 10 randomly chosen fields in four
independent experiments (Fig. 1B). An aggregate was
defined as a cluster of 6 or more bacteria. The average
number of individually attached bacteria per field was
18 � 3 (82% of total association events), while the average
number of aggregates per field was 4 � 0.2 (18% of total
association events) (Fig. 1C). The total number of bacteria
contained in aggregates was estimated as described in
Experimental procedures. It should be noted that the
number of bacteria per aggregate was highly variable,
ranging from 6 to ~ 300. We found that 94 � 1% of cell-
surface associated bacteria formed part of the aggregates
(Fig. 1C). Thus, P. aeruginosa attachment to epithelial cells
mostly involved forming multicellular structures. Remark-
ably, aggregates but not individual bacteria were found
primarily at cell–cell junctions (Fig. 1D).

P. aeruginosa aggregates are formed rapidly on cell
surface by recruitment of free-swimming bacteria

Aggregation of P. aeruginosa cells in liquid culture has
been reported previously (Allesen-Holm et al., 2006;
Schleheck et al., 2009). We wondered whether cell-
associated aggregates found 30 min after inoculation had
formed previously in liquid culture or only after individual
bacteria contacted epithelial cells. To distinguish between
these two possibilities two P. aeruginosa cultures, one
expressing GFP and one expressing m-Cherry, were
grown to stationary phase. Cultures were then mixed in
equivalent amounts and used to infect MDCK cells at a
multiplicity of infection (moi) of 60 for 30 min. If aggre-
gates had formed previously in the liquid medium, they
should have a single colour, whereas if they formed on the
cell surface they should have two colours. All aggregates
analysed in three independent experiments had two
colours, indicating that, at least to some extent, aggrega-
tion took place on the cell surface (Fig. 2A and B). We
next monitored the aggregate formation process by live
z scanning video microscopy (Video S1 and Fig. 2C).
Aggregates were formed de novo on cell surface by
free-swimming bacteria recruited to localized spots. To
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analyse the dynamics of bacterial cell attachment, inte-
grated fluorescence intensity was plotted over time
(Fig. 2D). Adhesion kinetics displayed three distinct
phases. The initial phase was characterized by the
binding of a single bacterium, which we designated as the
founder that remains attached alone for several minutes.
Occasionally, a second bacterium was seen to attach near
the founder prior to growth of the aggregate. After binding
of the second or third bacterium, the adhesion kinetics
profile changed to a sudden increase to result in the
formation of the aggregate. This exponential growth
phase typically lasted between 2 and 4 min. Finally aggre-
gate growth reached a plateau. Consistently with SEM
and fluorescence microscopy snapshots, founding bacte-
ria attached to cell–cell junctions, suggesting that a spe-
cific host cell factor present at that location stimulates
bacterial aggregation. To our knowledge this is the first
report of the dynamics of P. aeruginosa host cell surface
colonization.

P. aeruginosa aggregates are associated with host cell
membrane protrusions and can be internalized into
epithelial cells

We have previously shown that attachment of P. aerugi-
nosa to the apical surface of MDCK cells is associated

with the formation of large host cell membrane protru-
sions. These protrusions are enriched in PIP3, a lipid
that usually localizes to the basolateral surface of unin-
fected polarized MDCK but accumulates apically upon
bacterial binding (Kierbel et al., 2007). We wanted to
determine if protrusion formation was associated with
bacterial aggregates, individual bacteria, or both.
PH-Akt-GFP MDCK cells were infected with m-Cherry P.
aeruginosa for 30 min, fixed and examined by confocal
microscopy. The number of single bacterium-associated
protrusions or bacterial aggregate-associated protru-
sions was determined for ~ 7 fields in 4 independent
experiments. Protrusion formation was acknowledged as
such when apical accumulation of PIP3 was found
(Fig. 3A, left panel). Protrusion formation was clearly
associated with bacterial aggregates (Fig. 3B). However,
it cannot be ruled out that PIP3 also associates with
individual bacteria at a level below the detection thresh-
old with the PH-Akt probe. Our previous studies sug-
gested that these membrane protrusions are transient
structures formed at a stage in the bacterial internaliza-
tion process. Thus, protrusion formation as well as P.
aeruginosa internalization depended on both actin poly-
merization and PI3K activity (Kierbel et al., 2005; Kierbel
et al., 2007). Since the protrusions were associated with
aggregates, we wanted to determine if these multicellu-

Fig. 1. P. aeruginosa attaches to the surface
of epithelial cells mainly as aggregates.
MDCK cells were grown on filters as polarized
monolayers and infected with stationary
phase-grown P. aeruginosa for 30 min.
A. Scanning electron micrographs of P.
aeruginosa aggregates attached to the apical
surface of MDCK cells. Scale bar: 2 mm.
B. 3D reconstruction of a representative
confocal image stack of MDCK cells stably
expressing GFP-PH-Akt (green) infected with
m-Cherry P. aeruginosa (red). Bacterial
aggregates as well as individual bacteria are
seen adhered to the cell surface. An
orthogonal section is shown below. Scale bar:
20 mm.
C. Black bars: percentage of cell-associated
events represented by individually attached
bacteria or by aggregates. Grey bars: number
of bacteria associated to cells individually or
in aggregates (percentage of the total).
D. Percentage of individually attached
bacteria or aggregates bound to cell–cell
junctions. Data are represented as
mean � standard deviation, *P < 0.05.
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lar bacterial structures could internalize into epithelial
cells. Confocal images of cells infected for 2 h exhibited
extracellular as well as partially and completely internal-
ized aggregates (Fig. 3A). Three independent experi-
ments were done to quantify the internalization of
individual bacteria and aggregates. Figure 3C shows the

number of intracellular individual bacteria and aggre-
gates after 2 h infection as a function of cell-associated
individual bacteria or aggregates respectively. Internal-
ization was comparable between both groups. We then
estimated the number of bacteria forming part of inter-
nalized aggregates. This value represented 59 � 12% of

Fig. 2. P. aeruginosa aggregates are formed
on the apical cell surface.
A and B. 3D reconstructions of confocal
image stacks of filter grown MDCK cells
infected for 30 min with a 1:1 mix of GFP P.
aeruginosa and m-Cherry P. aeruginosa.
Cultures were grown separately to stationary
phase and mixed immediately prior to
infection. (A) Nuclei were stained with
TOPRO. Scale bar: 10 mm. (B) Scale bar:
5 mm.
C. Montage from a representative time-lapse
microscopy video. Polarized MDCK grown on
glass bottom dishes were infected with GFP
P. aeruginosa. Images were collected every
3 s beginning immediately after bacterial
inoculation. Aggregates were formed from
free-swimming bacteria that were recruited to
cell–cell junctions. Scale bar: 10 mm, time is
indicated in min : s.
D. Dynamics of bacterial attachment.
Integrated fluorescent intensity at the site of
aggregate formation is plotted over time.
Vertical lines indicate the time at which a first,
second and third bacterium attached.
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total internalized bacteria. This value was smaller than
the estimated number of bacteria forming part of
the aggregates on the cell surface (94%). This is con-
sistent with the inability of larger aggregates to internal-
ize during the time-course of our experiment. In
conclusion, aggregates are preferentially associated to
PIP3-enriched protrusions and can be internalized into
epithelial cells.

Formation of aggregate-associated protrusions is
dependent on Src family tyrosine kinases

SFKs members are related non-receptor tyrosine kinases
that participate in various processes, such as control of
cell adhesion or cell migration. They are known to regulate
cytoskeletal changes leading to the formation of the
phagocytic cup and eventual internalization of particles
(Suzuki et al., 1998; Furumoto et al., 2004) as well as to
stimulate Rac-mediated formation of membrane protru-
sions at the leading edge of migrating cells (Guarino,
2010). We previously reported that the PI3K/Akt pathway
is activated upon infection of MDCK cells with P. aerugi-
nosa grown to stationary phase, and that activation of this
pathway is important for P. aeruginosa internalization
(Kierbel et al., 2005). Requirement of this pathway for P.
aeruginosa entry into phagocytic cells was later also dem-
onstrated (Kannan et al., 2008; Chung et al., 2009). Class
IA PI3Ks can be activated by receptor or non-receptor
tyrosine kinases (Hawkins et al., 2006). PI3K activation
leads to the production of PIP3, which recruits protein
kinase Akt to the membrane through its PH domain (Susa
et al., 1996; Vanhaesebroeck and Alessi, 2000). Once in

the membrane Akt is phosphorylated leading to activation
of its kinase activity. Here, we tested whether SFKs are
required for activation of PI3K/Akt by P. aeruginosa in
MDCK epithelial cells. To do this, the effect of SFKs inhibi-
tor SU6656 on the levels of phosphorylated (i.e. activated)
Akt was assessed. Treatment with 10 mM SU6656 slightly
reduced the amount of phosphorylated Akt; however, the
change was not statistically significant (Fig. 4A and B).
SFKs activation was measured using an anti Src-Family
phospho-Tyr 416 antibody. This antibody detects endog-
enous levels of Src and other Src family members only
when phosphorylated at tyrosine 416 or equivalent acti-
vation sites. The active conformation of SFKs becomes
stabilized upon autophosphorylation of Tyr 416 (Engen
et al., 2008). As shown in Fig. 4A (lower panel), the level
of activated SFKs was increased in P. aeruginosa infected
cells whereas the level of housekeeping protein GAPDH
was unaffected. Activation was strongly inhibited by
SU6656. The total level of the members of this protein
family that is produced in MDCK cells (Src, Lyn, Fyn, Yes
and Lck) remained unchanged (data not shown). We then
tested whether SFKs were involved in formation of PIP3-
enriched membrane protrusions. To assess this PH-AKT-
GFP MDCK cells were infected with m-Cherry P.
aeruginosa for 30 min in the presence or absence of
10 mM SFKs inhibitor PP2. SU6656 was not used in these
experiments since it exhibits autofluorescence. As noted
above, apical accumulation of PIP3 was correlated with
protrusion formation. Following this criterion, surface-
attached aggregates were classified as associated or
non-associated with cell membrane protrusions. As
shown in Fig. 4C and D, treatment with PP2 reduced the

Fig. 3. Aggregates are associated with
PIP3-enriched protrusions and can be
internalized into epithelial cells.
A. 3D reconstructions (upper images) and
orthogonal sections (lower images) from
stacks of images of GFP-PH-Akt MDCK cells
infected with m-Cherry P. aeruginosa. Images
show representative sequential stages in the
process of aggregate internalization. From left
to right: extracellular aggregate associated
with a PIP3-enriched protrusion, partially
internalized aggregate, intracellular aggregate.
Scale bar: 5 mm.
B. Percentage of individually attached
bacteria or aggregates associated with
PIP3-enriched protrusions.
C. Percentage of internalized individual
bacteria or aggregates relative to cell
associated individual bacteria or cell
associated aggregates respectively. Data are
represented as mean � standard deviation,
*P < 0.05.
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number of P. aeruginosa aggregate-associated protru-
sions. Thus, SFKs are activated after MDCK cells are
inoculated with P. aeruginosa and activation is important
for formation of PIP3-enriched protrusion.

Entry of P. aeruginosa aggregates is dependent on Src
family tyrosine kinases

Previous studies provided evidence for a role for SFKs in
the internalization of P. aeruginosa in different cell lines
(Evans et al., 1998; Esen et al., 2001). We performed
standard invasion assays while inhibiting SFKs to test for

the involvement of this regulatory pathway in our system.
Both PP2 (10 mM) and SU6566 (10 mM) decreased inter-
nalization of P. aeruginosa into MDCK cells without affect-
ing adhesion (Fig. S1). Standard invasion assays do not
distinguish between entry of individual and aggregated
bacteria, and our results showing that SFKs plays a role in
protrusion formation suggested that this family might be
important for aggregate internalization. To evaluate this,
bacterial internalization was analysed by confocal micros-
copy. As compared with untreated controls, treatment with
SFKs inhibitor PP2 decreased both the number of inter-
nalized individual bacteria as well as the number of inter-
nalized aggregates (Fig. 5A and B), suggesting they use
the same internalization pathway. Consistently, inhibition
of PI3K abrogates both, individual and aggregated bacte-
rial entry (data not shown). SFKs inhibitor SU6656 pro-
duced similar results than PP2 (data not shown).

SFKs member Lyn is important for both protrusion
formation and aggregate internalization

SFKs member Lyn has been previously linked to P.
aeruginosa internalization (Kannan et al., 2006; Kannan
et al., 2008). To determine if this was the SFKs member
responsible for the observed phenotypes, MDCK cells
with reduced expression of Lyn were used in standard
invasion and adhesion assays. Knock-downs were gen-
erated using short hairpin RNA (shRNA). Two different
shRNAs were tested. Cells with reduced expression of
Lyn showed a decrease in P. aeruginosa internalization
compared with cells expressing scramble shRNA, and in
which adhesion was unaffected (Fig. S2). We next evalu-
ated the effect of reduced Lyn expression on P.
aeruginosa-PI3K/Akt activation, protrusion formation and
individual bacteria and aggregate internalization. Levels
of Akt phosphorylation were compared between scramble
and Lyn shRNA expressing cells. Reduced expression of
Lyn resulted in significant inhibition of P. aeruginosa
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dependent PI3K/Akt activation (Fig. 6A and B). Akt-PH-
GFP MDCK cells expressing scramble or Lyn shRNA
were infected with m-Cherry P. aeruginosa for 30 min or
2 h. Protrusion formation (30 min infections) and bacterial
internalization (2 h infections) were evaluated as
described above. Reduced expression of Lyn inhibited
both protrusion formation (Fig. 6C and D) as well as indi-
vidual bacterial and aggregate internalization (Fig. 6E, left
and right panel respectively). Thus, reduced expression of
Lyn resulted in the same effect on protrusion formation
and internalization found with pharmacological inhibition

of SFKs, leading to the conclusion that Lyn is the member
of the Src family involved in these processes.

Discussion

We here show that P. aeruginosa interacts with the
surface of epithelial cells, forming multicellular structures.
A large portion of newly formed aggregates is internalized
into epithelial cells within 2 h of inoculation. We observed
that groups containing from 6 to up to ~ 30 bacteria enter
the cell during aggregate internalization. Entry as a group
might increase the chances of intracellular survival. The
concentration of bacterial factors necessary for intracellu-
lar establishment or the efficient exit from the cell would
be enhanced with increased numbers of bacteria. Alter-
natively, if the aggregate dissociated inside the cell, mul-
tiple intracellular destinations could be reached rapidly
and, overall, bacteria would have more chances to find a
niche appropriate for replication. On the contrary, collec-
tive internalization could be part of a mechanism by which
epithelial cells dispose of bacterial cells.

Through shRNA loss of function experiments we found
that Lyn is required for the internalization of P. aerugionsa
into MDCK cells. Lyn was previously linked to P. aerugi-
nosa internalization, both in alveolar epithelial cells and in
macrophages (Kannan et al., 2006; Kannan et al., 2008).
Lyn was also reported to bind to and activate PI3K and Akt
to regulate phagocytosis of P. aeruginosa in alveolar mac-
rophages by a membrane raft-dependent pathway. In
agreement with this, we found that Lyn acts upstream of P.
aeruginosa dependent Akt/PI3K activation in epithelial
cells. However, in our system, biochemical inhibition of
SFKs did not significantly reduce Akt/PI3K activation by P.
aeruginosa. A possible explanation could be an antago-
nistic effect of other SFKs member/s in P. aeruginosa-
dependent PI3K activation in epithelial cells. In this report
we demonstrate that SFKs and, in particular Lyn, are
important for aggregate-associated protrusion formation.
Furthermore, we also show that Lyn is crucial for aggre-
gate internalization. These results support our previously
reported idea that formation of PIP3-enriched protrusions
is part of a mechanism of P. aeruginosa internalization. As
noted above, activation of PI3K by SFKs has been
reported in several systems. Lyn was also shown to inter-
act directly with the p85 subunit of PI3K using a yeast
two-hybrid assay (Zhu et al., 2006). Thus, our model pos-
tulates that formation of P. aeruginosa aggregates on the
surface of epithelial cells results in activation of Lyn
tyrosine kinase that in turn leads to PI3K activation and
subsequent PIP3 apical accumulation. Apical PIP3 accu-
mulation then leads to protrusion formation and aggregate
internalization. Kannan et al. (2006) postulated that acti-
vation of Lyn by Pseudomonas resulted in apoptosis of
epithelial alveolar cells after 2 h infection. Although we
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cannot rule out induction of apoptosis in our system, cell
viability remained above 99% up to 9 h after inoculation
(data not shown).

Association of bacteria with host cells as multicellular
aggregates is emerging as a common feature in patho-
genic bacteria-host interactions. Surface attachment and
microcolony formation are early key steps in biofilm devel-
opment. The presence of biofilms is linked to the acquisi-
tion of both antibiotic and host immune system resistance
in P. aeruginosa infections. Importantly, recent studies
suggested that biofilms that form on abiotic surfaces are
different in several important ways from biofilms that form
on epithelial cells (Moreau-Marquis et al., 2008a,b). Thus,
a detailed understanding of the transition from planktonic
to cell-associated multicellular structures could be essen-
tial for developing strategies to control a range of bacterial
infections. In this study we described P. aeruginosa
surface aggregation dynamics into distinct phases. In an
initial lag phase a single bacterial cell attaches and
remains alone (occasionally a second bacterium attaches
nearby). This is followed by a rapid increase of binding
characterized by bacterial cell–cell association that
results in aggregate formation. Does something that takes
place during the lag phase trigger subsequent collective
attachment? Binding of the founder bacterium to the host
membrane might induce localized release of a sub-
stance(s) from the host cell that attracts free-swimming
bacteria. Dacheux et al. (2001), for example, described
the pack swarming phenomenon in cytotoxic strains of
Pseudomonas aeruginosa. In that study, highly motile
bacteria were observed to surround wounded macroph-
age cells in response to chemotactic signal molecules
released from the macrophage. The authors postulated
that these molecules were released through small pores
in macrophage membranes previously generated by the
Pseudomonas type III secretion system. Alternatively, the
founder might release a chemoattractant upon attach-
ment to epithelial cells. It has been shown that under
certain stress conditions Escherichia coli and Salmonella
typhimurium excrete chemotactic molecules that attract
other bacteria leading to the formation of dense multicel-
lular clusters (Budrene and Berg, 1991; 1995).

In summary, our studies showed that P. aeruginosa
undergoes a transition from planktonic to cell surface
attached mainly by forming aggregates. Some bacterial
clusters become intracellular soon, while others, including
those of larger size, remain surface attached. Future
studies will elucidate the signalling that mediates coordi-
nated behaviour and formation of multicellular structures
as well as address the fate of extra and intracellular
aggregates. If internalization is a mechanism by which
epithelial cells dispose of bacteria, rapid aggregation of
bacteria into large aggregates may be a way to avoid
internalization. Furthermore, those aggregates that

remain extracellular could then evolve to form mature
biofilms.

Finally, we believe that detailed understanding of the
transition from planktonic to cell-associated multicellular
structures could be of relevance to develop strategies to
control such biofilm-related infections.

Experimental procedures

Antibodies and reagents

Antibodies against total Akt, Akt phosphorylated on serine 473,
Src-Family phospho-Tyr 416 and Lyn were obtained from Cell
Signaling Technology (Beverly, MA, USA). Anti-GAPDH mAb
from Chemicon International (Temecula, CA, USA). SU6656 and
PP2 were purchased to Sigma-Aldrich (St. Louis, MO, USA).

Cell preparation and culture

Wild-type MDCK (clone II) and MDCK stably transfected with
GFP–PH–Akt (Yu et al., 2005) were cultured in minimal essential
medium (MEM) containing 5% fetal bovine serum at 37°C with
5% CO2. Cells were seeded (1 ¥ 106 cells per well) on six-well
culture plates or trans-wells (0.4 mm pore size, Corning Fisher,
NY, USA) and used for experiments after 24 h in culture.

For video microscopy studies wild-type MDCK cells were
grown on glass bottom microwell dishes (MatTek Corporation,
Ashland, MA, USA). Cells were seeded at a density of ~ 100 000
cells cm-2 and grown for 4 days to ensure the formation of fully
polarized monolayers (Kreitzer et al., 2003).

Bacterial infection

Pseudomonas aeruginosa strain K was routinely grown shaking
overnight in Luria-Bertani broth at 37°C. For fluorescence micros-
copy studies P. aeruginosa carrying plasmids containing either
m-Cherry (Mougous et al., 2007) or GFP (Bucior et al., 2010)
genes were used. Stationary phase bacteria were co-cultivated
with MDCK monolayers at the indicated moi. Standard adhesion
and internalization assays were performed as described previ-
ously (Kazmierczak et al., 2001). For inhibitor treatments, cells
were pre-incubated for 1 h with MEM containing the drug at
indicated concentrations. Bacterial inoculations were carried out
in the presence of the drug.

Microscopy studies

Bacteria were incubated with filter grown MDCK monolayers (moi
of 150, unless otherwise indicated) for indicated times and
washed three times with phosphate-buffered saline (PBS). For
fluorescent microscopy studies, samples were fixed with 4%
paraformaldehyde for 30 min at room temperature and examined
with a confocal microscope (Leica TCS-SP5) using a HCX PL
APO 63/1.4–0.60 CS oil objective. For scanning electron micros-
copy samples were fixed with 2% cacodylate gluteraldehyde then
treated using standard procedures and analysed with a Jeol
(JSM-5900LX) microscope.
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Live-cell time-lapse video microscopy

Wild-type MDCK cells were grown on glass bottom microwell
dishes as described above. Microwell dishes were placed on
microscope stage and cells were infected with GFP–P. aerugi-
nosa (moi of 60). An enclosed stage allowed for temperature and
CO2 enrichment control. A z-stack of images (7 planes at 1 mm
spacing) was collected every 3 s for 30 or 40 min in randomly
chosen fields.

Image analysis

Images were analysed using the Image J program (National
Institutes of Health, NIH). The confocal image stacks were pro-
jected along the z-axis, creating an output image in which each
pixel contained the sum over z of the pixel intensity values in that
particular x–y position. Finally, Integrated fluorescence intensity
was quantified in the region of interest.

The number of bacteria in an aggregate was obtained from the
ratio between aggregate volume and volume of one bacterium.
Volumes were estimated using the Object Counter 3D plug-in.
For each field analysed, a specific single bacterium average
volume was established.

Cell lysates and Western blot

MDCK cells were grown on 6 well plates for 24 h. The cells were
washed and placed in serum-free MEM 17 h before infection.
Stationary phase grown P. aeruginosa was added for 1 h. The
infected monolayers were washed with cold PBS containing
1 mM sodium orthovanadate (Sigma-Aldrich). Cells were lysed in
modified radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% Triton
X-100, 0.5% deoxycholate, 0.1% SDS, 1 mM sodium orthovana-
date, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride (Sigma-
Aldrich), and proteinase inhibitor cocktail (Sigma-Aldrich) for
20 min. The cell lysates were centrifuged at 16 000 g for 20 min.
Protein concentration on the supernatant was determined by
BCA method (Sigma-Aldrich) and typically 20 mg per line of total
protein was electrophoresed on 8% SDS-polyacrylamide gels,
and transferred to polyvinylidene difluoride membranes. The
membranes were blocked with Tris Buffered Saline (TBS) con-
taining 0.05% Tween 20 (TBST) and 5% non-fat milk or BSA for
1 h at room temperature and then incubated with the primary
antibody. The membranes were washed with TBST, incubated
with horseradish peroxidase-conjugated secondary antibody for
1 h at room temperature and developed using an enhanced
chemiluminescence kit (Amersham Biosciences, Piscataway, NJ,
USA).

RNA interference

Lyn constructs were made by annealing and ligating appropriate
oligonucleotides (RNAi1 sense: CCGGGACCCTTCAACATGA
CAAGCTCGAGCTTGTCATGTTGAAGGGTCTTTTTG; RNAi1
antisense: AATTCAAAAAGACCCTTCAACATGACAAGCTCGA
GCTTGTCATGTTGAAGGGTC; RNAi2 sense: CCGGAGTGCT
GCTTCCAAAGCTACTCGAGTAGCTTTGGAAGCAGCACTTTT
TTG; RNAi2 antisense: AATTCAAAAAAGTGCTGCTTCCAAA
GCTACTCGAGTAGCTTTGGAAGCAGCACT) into the AgeI and

EcoRI cloning sites of pLKO.1-puro vector (details at http://
www.addgene.org). These were sequenced and used to
co-transfect human embryonic kidney 293 FT cells with
Virapower lentiviral packaging mix (Invitrogen, Carlsbad, CA,
USA). The next day, transfection complexes were removed and
cells were allowed to produce virus for 24 h. Media containing
virus were collected and used to directly transduce MDCK cells
overnight. The cells were allowed to recover for 24 h and subject
to puromycin selection (5 mg ml-1). Silencing was confirmed by
Western blot.

Statistical analysis

Data are shown as the mean � standard deviation of at least
three independent experiments. Student’s t-test or nested ANOVA

analysis were performed. P-value of < 0.05 was considered sta-
tistically significant.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. SFKs are important for P. aeruginosa internalization into
MDCK cells. Standard invasion and adhesion assays. MDCK cells
were treated or not (control) with SU6656 (10 mM) or PP2 (10 mM).
The number of internalized or attached bacteria for each well was
normalized to the average number of internalized or attached
bacteria for controls respectively. The normalized values were
averaged to calculate the percentages of invasion and adhesion.
Data are represented as mean � standard deviation, *P < 0.05.
Fig. S2. Decreased expression of Lyn reduces internalization of
P. aeruginosa into MDCK cells.
A. Standard invasion assays with MDCK cells expressing
scramble (SC) or two different Lyn shRNAs (KD1 y KD2). The
number of internalized bacteria for each well was normalized to
the average number of adhered bacteria and to control (SC). The
normalized values were averaged to calculate the percentages of
invasion/adhesion.
B. Expression of Lyn in lysates of MDCK expressing SC or Lyn
shRNAs was analysed by western blot. GAPDH was used as
loading control; quantified in (C). Data are represented as
mean � standard deviation, *P < 0.05.
Video S1. Aggregates are formed on cell surface. Polarized
MDCK grown on glass bottom dishes were infected with GFP P.
aeruginosa. Images were collected every 3 s beginning immedi-
ately after inoculation of bacteria. Aggregates were formed from
free-swimming bacteria that were recruited to localized spots on
cell surface. Scale bar: 10 mm, time is shown in min : s.
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