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Formation of multicellular structures such as bioﬁlms is an important feature in the physiopathology of
many disease-causing bacteria. We recently reported that Pseudomonas aeruginosa adheres to epithelial
cells rapidly forming early bioﬁlm-like aggregates, which can then be internalized into cells. Conventional methods to measure adhesion/internalization, such as dilution plating for total cell-associated or
antibiotic protected bacteria, do not distinguish between single and aggregated bacteria. We report a
procedure that combining double bacteria labeling, confocal microscopy and image analysis allows
identiﬁcation and quantiﬁcation of the number of adhered and internalized bacteria distinguishing
between single and aggregated bacterial cells. A plugin for Fiji to automatically perform these procedures
has been generated.
Ó 2013 Published by Elsevier Ltd.
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1. Introduction
Although a unicellular view of bacteria has been predominant in
the past, it is now evident that bacteria communicate with and
physically contact other bacteria, developing coordinated behavior
and the formation of complex multicellular structures. Such microbial behaviors are often critical in the setting of infections. Growing
evidence shows that bioﬁlms, deﬁned as surface-associated bacterial
communities encased in an extracellular matrix, are not just prevalent in natural but also in pathogenic ecosystems [1].
Enteropathogenic Escherichia coli, Bortadella pertussis, Pseudomonas aeruginosa, Streptococcus pyogenes and Neisseria gonorrhoeae
are example pathogenic bacteria that have been shown to interact
with host cells forming multicellular structures. Formation of such
structures is often correlated with virulence and it is observed both
in vivo and in vitro [2e7].
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P. aeruginosa growth as bioﬁlms in lungs of cystic ﬁbrosis (CF)
patients [8] is a key factor leading to antibiotic resistance and fatality in these chronic airway infections [9,10]. We were recently
able to monitor the early stages of apical colonization of polarized
epithelial cells leading to the formation of P. aeruginosa early
bioﬁlm-like aggregates in real-time. Over 90% of bacteria that
become associated with the epithelial surface were found in such
multicellular structures [11].
Upon attachment, some pathogenic bacteria get internalized into
non-phagocytic cells. This behavior often constitutes an important
survival strategy [12e14]. Internalization of P. aeruginosa into
epithelial cells has been shown to occur both in vivo as in vitro [15e
20], although its role in the infection process is not clearly deﬁned
yet. Noteworthy, previous work including our, showed the presence
of P. aeruginosa intracellular bioﬁlm like-aggregates [11,21].
Bacterial adhesion and internalization are typically measured by
plating serial dilutions and counting colony forming units to determine total cell-associated or antibiotic-protected bacteria respectively [22,23]. These methodologies, however, are unable to
distinguish between single and aggregated bacteria. As noted above,
quantitative determination of the different bacterial populations that
associate with the host cells is relevant to understanding pathogenic
bacteria-host cells interaction. Quantitation of single and aggregated
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bacteria by manual counting using ﬂuorescence microscopy images
is possible, but it is time-consuming and laborious. Here we report a
procedure that utilizes double bacteria staining, confocal microscopy
and image analysis to determine the number of surface-attached and
internalized bacteria. Moreover, the method also determines
whether the bacteria are associated with the cell individually or in
multicellular structures. A plugin for Fiji that automatically performs
image analysis procedures is also presented.
2. Materials and methods
2.1. Reagents
Anti-P. aeruginosa antibody was obtained from AbCam
(ab68538, dilution 1/100) (Cambridge MA, USA). Alexa-647 conjugated phalloidin, Alexa-647 conjugated anti-rabbit and TRITC
conjugated anti-rabbit were acquired from Life Technologies.
LY294002 was purchased from SigmaeAldrich (St. Louis, MO, USA)
and used at a concentration of 50 mM.
2.2. Cell culture and bacterial infection
Wild-type MDCK (clone II) cells, MDCK cells stably expressing
the pleckstrin homology (PH) domain of Akt fused to Green Fluorescent Protein (GFP-PH-Akt) [24] or E-Cadherin-Red Fluorescent
Protein (E-Cadherin-RFP, kindly provided by W. James Nelson
(Stanford University, Stanford, California)) were cultured in minimal essential medium (MEM) containing 5% fetal bovine serum at
37  C in a 5% CO2 atmosphere. Cells were seeded (0.8  106 cells per
well) on trans-wells (0.4 mm pore size, Corning Fisher, NY) and
used for experiments after incubation for 24 h.
P. aeruginosa strain K was routinely grown in LuriaeBertani broth
shaking overnight at 37  C. Fluorescence microscopy studies were
done with P. aeruginosa carrying plasmids expressing either mCherry [25] or GFP [26]. Stationary phase bacteria were co-cultivated
with MDCK cells monolayers using a multiplicity of infection of 60
for 30 min or 2 h as indicated. For LY294002 treatment cells were
pre-incubated for 1 h with MEM containing the drug and bacterial
inoculations were done in the presence of the drug.
2.3. Immunoﬂuorescence sample preparation and laser scanning
confocal microscopy (LSCM)
Infected MDCK monolayers were washed three times with
phosphate-buffered saline (PBS) and ﬁxed in 4% paraformaldehyde
for 30 min at room temperature. Samples were blocked with ﬁsh skin
gelatin 0.7% in PBS and incubated over-night at 4  C with primary
antibody and for 1 h at room temperature with secondary antibody.
Cell permeabilization was carried out, when indicated, by incubation
in 0.1% TritonX100 in PBS for 30 min at room temperature. Samples
were examined with a confocal microscope (Leica TCS-SP5) using a
HCX PL APO 63x/NA1.4e0.60 CS oil objective. Confocal stacks were
acquired with z-spacing of 0.2 mm from 10 randomly selected ﬁelds/
condition. Settings were adjusted so that the range of ﬂuorescence
intensity of a given sample matched the range of pixel values available (i.e. so that, pixel values of cero and saturation were avoided). 3D
reconstructions were made using 3D Viewer plugin for ImageJ [27].
3. Results and discussion
3.1. Identiﬁcation and quantitation of individual and aggregated
cell-associated bacteria
Polarized MDCK cells stably transfected with PH-AKT-GFP (a
phosphatidylinositol 3,4,5-trisphosphate probe that localizes at

the basolateral membrane) were infected for 30 min with
P. aeruginosa expressing mCherry (PA-mCh), ﬁxed and imaged by
LSCM. The stack of images from the bacterial channel (mCherry)
was analyzed using the 3D-Object Counter plugin for ImageJ [11].
This plugin identiﬁes and enumerates the objects in the stack with
a user-deﬁned threshold for voxel intensity value. This limit intensity value separates voxels into distinct populations: background voxels (intensities below the selected value) and objects
voxels. Contiguous object voxels are tagged together and considered part of the same particle. The plugin generates a binary mask
showing the particles and provides a list of the particles with their
respective volumes (Fig. 1B, C). The value of the voxel intensity
threshold was set manually by visual inspection of the images
(Image J: Image8Adjust8Threshold). This threshold was deﬁned
so that all bacteria in the stack were included and bacteria
appearing physically together in 3D reconstructions were
considered to be part of the same particle. The size of one bacterium was in average, with our acquisition settings, 206  96
voxels (mean  SD of 558 individual bacteria from 9 independent
experiments). Thus, to avoid particles formed from background
ﬂuorescence to be included in the list, the minimal size of particles
to be considered was set in w100 voxels. As observed, single
bacteria volume was somewhat variable. This is probably due to
variations in the level of ﬂuorescent protein expression. The estimate of the number of bacteria in each particle was made
considering the volume of the particle divided by the mean volume of single bacteria in the ﬁeld being analyzed.
We next compared this method with manual counting of bacteria in 3D reconstructions. To do this, a total of 261 particles were
selected from 4 different experiments and the number of bacteria
per particle was estimated using both methods. As shown in Fig. 1D,
use of the image analysis method resulted in values very similar to
those obtained by manual counting.
3.2. Determination of bacteria cellular location
We recently showed that both, P. aeruginosa aggregates formed
on the surface as well as single attached bacteria are capable of
being rapidly internalized into epithelial cells [11]. In that study, we
determined whether bacteria were extracellular or intracellular by
visual inspection: the location of each particle was assigned based
on appearance in composite images. These composite images
included the bacterial channel, the mask of the particles and a
channel corresponding to the epithelial cell boundaries (i.e. by
phalloidin staining). Such methods are labor intensive and time
consuming. The analysis has since been streamlined and automated
using a second bacterial stain and by including image analysis as
outlined below.
Polarized MDCK cells were infected for 2 h with PA-GFP, ﬁxed
and immunostained with an anti-PA antibody followed by TRITC
conjugated secondary antibody. Epithelial cells were stained for
actin using Alexa-647 conjugated phalloidin. When samples were
not permeabilized, the antibody was unable to reach intracellular
bacteria, and therefore, only extracellular bacteria were labeled
(Fig. 2A, upper panel). In controls with permeabilized cells, anti-PA
antibody also recognized intracellular bacteria (Fig. 2A, lower
panel).
To identify intracellular and extracellular bacteria, images from
not permeabilized samples, were analyzed in three steps: 1) a binary mask of the antibody channel highlighting extracellular bacteria was generated. (The threshold value was set manually by
visual inspection so that all the bacteria stained by the antibody
were completely included into the mask). 2) The mask was subtracted from the bacterial channel, giving intracellular bacteria as a
result 3) The logical AND operation was performed between the
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Fig. 1. Identiﬁcation of aggregated and single cell-associated bacteria. Counting bacteria by confocal microscopy and image analysis. Example of the analysis procedure performed
on a ﬁeld portion containing one aggregate and three single bacteria A. 3D reconstructions showing the aggregate (arrow) and the single bacteria (arrowheads). B. Orthogonal
sections showing the aggregate and one bacterium. Upper panel: bacterial channel. Middle panel: particles detected and numbered by the 3D Object Counter plugin. Lower panel:
merged image. (scale bar: 5 mm) C. List of the particles and their corresponding volumes (in voxels - vx). Particles 2, 3 and 4 correspond to single bacteria (mean single bacterial
volume ¼ 240 voxels). Particle 1 corresponds to the aggregate and consists of roughly 43 bacteria (10358/240). D. Comparison of image analysis and manual counting methods. A
total of 261 particles were analyzed (some points of the curve are overlapping). Data presented in a linear relationship (y ¼ 1.04020.0245, r ¼ 0.92).

mask and the bacterial channel, giving extracellular bacteria as a
result. (AND is a logical operator that takes two images as input and
produces as output a third image whose TRUE (i.e. non-zero) pixels
are those that are TRUE in both input images). To illustrate the
process, images of MDCK cells expressing the basolateral marker Ecadherin-RFP infected with PA-GFP and stained with antiP. aeruginosa antibody are presented (in this case the secondary
antibody was conjugated to Alexa-647). Fig. 2B displays an image
that shows several bacteria associated to the epithelial cell monolayer. Some bacteria are aggregated while some are individually
associated. And some bacteria are extracellular while some are
intracellular (See also Supplementary Video S1). Internalized bacteria are green while extracellular are light blue. Fig. 2C illustrates
(for the same image) the generation of the antibody channel mask
and the operations to obtain both the intracellular and the extracellular signal.
Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.mcp.2013.10.001.
Aggregates containing both, extra and intracellular bacteria are
sometimes found as we previously reported [11]. These situations
probably represent the partial internalization of surface formedaggregates. In such cases, the host cell membrane would be between the intra and the extracellular part of the aggregate. However, the resolution of the system is not enough to detect the
distance imposed by the presence of the membrane and both parts
of the aggregate are perceived as one particle. These aggregates are
classiﬁed as intermediates (see Section 3.3).
Determination of bacterial position by image analysis of double
stained bacterial samples was compared with former visual inspection method rendering almost identical results (not shown).

3.3. Automated image analysis software
The procedures presented in Sections 3.1 and 3.2 were
implemented as a plugin for Fiji. This software is available for
download from https://www.pasteur.edu.uy/bcm/plugin. Two
stacks of images are used as input. One stack corresponds to the
bacterial channel and the other stack corresponds to the antibody channel highlighting extracellular bacteria. The antibody
channel is used to generate an extracellular mask. This mask is
subtracted from the bacterial channel to generate a new stack
with only the intracellular signal. The logical AND operation is
then performed between the same mask and the bacterial
channel to generate a new stack with only the extracellular
signal. Objects in the bacterial channel, the intracellular and the
extracellular stacks are identiﬁed and counted using the Fiji 3D
Object Counter plugin. Three particle lists are generated 1) total
particles, 2) intracellular particles and 3) extracellular particles.
These lists contain the particle ID, their volume in voxels and the
3D coordinates of their centroids. Then the algorithm computes
the distances between the centroids of all the particles in list 1,
with the centroids of all the particles in list 2 and 3. When a
centroid from list 1 coincides (or the distance is less than a pixel)
with a centroid from list 2 or 3, the particle cellular location is
tagged as INTRACELLULAR or EXTRACELLULAR respectively.
Particles that do not ﬁt in this classiﬁcation are tagged as INTERMEDIATE. The plugin gives an output list containing a) particles ID, b) particles volume (in voxels) c) particle cellular
location (i.e. extracellular, intermediate or intracellular) and d)
an image with the objects identiﬁed by the 3D object counter
(Fig. 2D and E in our example).
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Fig. 2. Extracellular and intracellular bacteria identiﬁed by immunostaining and image analysis. A. Orthogonal sections of confocal microscopy stacks from samples stained with
anti-PA antibody using non-permeabilized or permeabilized cells. B. 3D reconstruction and orthogonal section of the stack analyzed in CeE. C. Work ﬂow of the image analysis
procedure to identify intracellular and extracellular bacteria. Images acquired from non-permeabilized samples are processed in the following way: (step 1) anti-PA channel is used
to generate a mask (threshold used ¼ 40), (step 2) this mask is subtracted from PA-GFP channel (Image Calculator/Subtract) and (step 3) logical AND operation between the mask
and the PA-GFP channel (Image Calculator/AND). Finally, 3D object detection is carried out in the original PA-GFP channel and in the resulting intracellular and extracellular stacks
(threshold used: 70, min: 100). Scale bars: 5 mm. D. Output list given by the software. E. 3D rendering (3D Viewer) of the output image given by the software showing the particles
with their ID.

Note that in the presented example a single bacterial cell is
classiﬁed as intermediate (ID 8). This might represent a technical
artifact produced by inaccessibility of the antibody to zones of the
bacterium in close contact with the host cell membrane. Cases like
this were found very infrequently.
The number of bacteria per particle can be estimated dividing
the volume of each particle by the volume corresponding to a single
bacterial cell. This value will depend on the particular microorganism the user is working with as well as on the sample and the
acquisition settings. Single bacteria are easily identiﬁed in the
merged image of the bacterial channel and the objects map given
by the 3D Object Counter plugin.
3.4. Effect of LY294002 on P. aeruginosa internalization measured
by double labeling/image analysis method
We previously showed, by counting colony forming units in
standard antibiotic protection assays, that treatment with 50 mM
LY294002, an inhibitor of Phosphoinositide 3-kinase, impairs
P. aeruginosa entry into polarized MDCK cells [28]. The effect of
LY294002 on P. aeruginosa internalization was assayed to further

validate our method. When assayed using the double labeling/
image analysis method presented here, our previous result was
reproduced. Furthermore, new method showed that LY294002
inhibition affects both, entry of single and aggregated bacteria
(Fig 3).
3.5. Conclusions
We have developed an automated and quantitative methodology to determine number of attached and internalized bacteria,
distinguishing between single and aggregated one. Association of
bacteria with host cells as multicellular aggregates is emerging as
a common feature in pathogenic bacteria-host cell interaction.
Surface attachment and microcolony formation are also early key
steps in bioﬁlm development. Bacterial internalization may
represent either a bacterial strategy for survival inside the host
cells or a host cell defense mechanism. A better understanding of
these processes as well as the screening of potentially inhibitory
drugs clearly depend on the development of methods that quantitatively determine bacterial aggregation state and subcellular
localization.
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Fig. 3. Effect of LY294002 on internalization of single and aggregated P. aeruginosa GFP-PH-Akt MDCK cells were treated with 50 mM LY294002 (LY) or vehicle (Control) and infected
with m-Cherry P. aeruginosa for 2 h. Samples were ﬁxed and imaged as described in section 1 and analyzed as described through sections 1 and 2. Graphs show the percentage of
internalized individual bacteria or aggregates relative to cell associated individual bacteria or cell associated aggregates respectively. About 30 ﬁelds per condition from independent
experiments were analyzed. Each ﬁeld contained approximately 200 MDCK cells and about 85 associated bacteria. Data are represented as mean þ/ standard deviation. Data was
transformed using rank transformation [29] and compared using a mixed model nested ANOVA [30]. (*) p < 0.05.
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