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The ability of a strain of waterborne Escherichia coli 0157:
H7 to colonize a glass flow cell and develop microcolonies when
grown alone and with Pseudomonas aeruginosa PAQO1

was examined. When introduced alone, planktonic E. coli
were unable to attach to the glass surface. When introduced
simultaneously with P. aeruginosa (co-inoculation), the two
species coadhered to the surface. When E. coliwere introduced
into a flow cell precolonized with a P. aeruginosa biofilm
(precolonized), 10-fold more cells were retained than in the co-
inoculated case. Both species were monitored nondestructively
by time-lapse confocal microscopy, direct microscopy of

the filtered effluent, and effluent plate counts. While more E.
coliinitially adhered in the precolonized system, E. colimicrocolony
formation occurred only in the co-inoculated system, where

E. coli comprised 1% of the total surface-associated biovolume
but greater than 50% of the biovolume near the edges of the
flow cell. The hydrodynamics in the flow cell were evaluated
using the finite volume analysis program CFX, revealing that shear
stress was likely importantin both initial attachment and steady-
state colonization patterns. This research elucidates key
factors which promote retention and subsequent biofilm
development of E. coli 0157:H7.

Introduction

Bacteria exist in nature primarily in communities known as
biofilms. These biofilms are usually characterized by dif-
ferentiated structures, exhibit a different phenotype than
their planktonic counterparts, and in nature most often
consist of multispecies consortia (1, 2). An important process
in shaping the formation and structure of some multispecies
biofilms is the ability of certain species to coaggregate. In
this process, planktonic cells adhere to genetically distinct
cells in a biofilm or to other planktonic cells (3), thereby
increasing biofilm formation. This process is growth-phase-
dependent and is turned on and off by cells, suggestive that
it may also play a role in dispersal and dissemination (4).
Due to these and other complexities of the biofilm mode of
growth, multiple species can coexist despite one organism
having a much higher growth rate than another (5—7).

In many cases, bacteria have been shown to gain a fitness
advantage when residing in a mixed-species versus single-
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species biofilm. Bacteria living in a two-species community
were demonstrated to undergo mutations which improved
productivity and stability compared to the parent community
(8). A Lactobacillus strain has been found to persist at up to
20 times higher cell numbers in a mixed-species biofilm than
in monoculture (9). In addition to greater biomass in mixed-
species versus single-species biofilms, increased resistance
to antimicrobial treatment has been noted (3). In extreme
cases, bacteriawhich were unable to adhere or form biofilms
alone were able to do so in coculture (10, 11).

Escherichia coli O157:H7 is a bacterial pathogen in both
food and water, and its abilities to form biofilms under static
conditions (12—16) as well as coaggregate (17) have been
reported. Biofilms in drinking water distribution systems
(18—20) and porous media systems such as biofilters and
model groundwater aquifers (21—23) have been shown to
harbor organisms such as E. coli. It is therefore desirable to
examine pathogen survival under flowing conditions as well
as static ones. While previous studies have monitored
pathogen persistence at the reactor-scale level, a finer-scale
analysis in a flowing system could be used to quantify
localized population heterogeneities, that is, where pathogen
integration occurs.

In this study, the authors monitored biofilm formation
using confocal microscopy and location-specific pixel count-
ing to quantitatively describe spatial and temporal patterns
of colonization of a dual-species biofilm with fluorescent-
protein-labeled E. coli 0157:H7 and P. aeruginosa PAO1 in
a flowing system. This information can be used to better
understand pathogen persistence in the environment and
will be integrated into computer models of pathogen
persistence currently being developed.

Materials and Methods

Bacterial Strains, Plasmids, and Media. The E. coliO157:H7
was a waterborne isolate obtained from Dr. Barry Pyle,
Department of Microbiology, Montana State University. To
make the E. colistrain electrocompetent, 1 mL of an overnight
culture grown in Luria Broth (LB) was added to 100 mL of
fresh LB, shaken for 2 h, and then placed on ice. The E. coli
cells were washed three times in cold, sterile 10% glycerol
and resuspended to a final volume of 500 «L. A constitutively
expressing DsRed-express plasmid (Clontech) was then
inserted by electroporation (Eppendorf Electroporator 2510;
1500 V), and transformants were selected by plating on LB
agar and 250 mg/L of carbenicillin (Fisher Bioreagents).
Pseudomonas aeruginosa PAO1 contained a constitutively
expressing green-fluorescent protein (GFP) plasmid de-
scribed previously (24) and was obtained from Dr. Mike
Franklin, Department of Microbiology, Montana State Uni-
versity. A total of 250 mg/L of carbenicillin was added to all
media described herein unless otherwise noted.

Single- and Dual-Species Planktonic Growth Curves.
Cells were streaked for isolation from a frozen glycerol stock
on Tryptic Soy Agar (TSA, BD Difco). Cells were then stepped
down into successively lower nutrient concentrations as
follows: A single colony was placed into 4 mL of 10% Tryptic
Soy Broth (TSB, EMD) and shaken for 24 h at 180 rpm at 25
°C. A total of 40 L of this culture was spiked into 4 mL of
1% TSB and shaken as before, which was then used as the
inoculum for the growth curve. Experiments were conducted
with and without antibiotic. For dual-species experiments,
the volumes of the 24-h inoculum cultures were adjusted to
contain a 50:50 ratio of the two species. At each sample time,
500 uL was vortexed, serially diluted (1/4x Ringer, Oxoid),
and plated using the drop plate method (25). The two species
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could be differentiated on an agar plate by colony color. The
Umayx Values are reported as mean =+ standard error from three
replicate experiments and were calculated from the slope of
the least-squares fitted line of the In(cfu/mL) versus time
plot during the exponential phase (hours 3—9 and 3—13 for
E. coli and P. aeruginosa, respectively).

Biofilm Reactor Design and Operation. Biofilms were
grown in 0.9 x 0.9 x 150 mm square cross-section glass
capillary tubes (Friedrich and Dimmock, NJ). Four parallel
flow cells (baked at 300 °C, 5 h) were independently fed by
silicone tubing with one input line for sterile 1% TSB media
(no antibiotic during biofilm growth), and a separate input
line for culture inoculation. Downstream was a port for
collecting effluent samples. The assembly was autoclaved 20
min prior to inoculation. The design flow rate was 24 mL/h,
which corresponds to a Reynolds number of 10 (laminar
flow). The reactors were left on the microscope stage (25 +
2 °C) for the duration of the experiment.

Inoculation Procedure. Planktonic E. coliwere introduced
either alone into a clean glass flow cell (clean glass),
simultaneously with P. aeruginosainto a clean glass flow cell
(co-inoculated), or alone into a flow cell precolonized with
a mature (72-h) P. aeruginosa biofilm (precolonized). Over-
night cultures were spiked into fresh 10% TSB and shaken
for 5 h at 30 °C. A total of 10 mL of the E. coli culture (2.7
x 108 cells/mL) was placed in a 100 mL bottle and used as
the inoculum in all experiments. In the co-inoculation case,
the volume of P. aeruginosa cells was adjusted to result in
a final concentration of 2.7 x 10° cells/mL. This was to
account for the greater attachment efficiency exhibited by
P. aeruginosa and produced a uniform layer of surface
colonization. Coaggregation of the inoculum was measured
qualitatively by direct epifluorescence microscopy using a
Nikon E800 scope equipped with FITC (GFP) and TRITC
(DsRed) filters. In the precolonized case, 10 mL of the P.
aeruginosaspike culture was inoculated in the same manner
as E. coli. Sterile media flowed for 72 h at the design flow rate
to allow for the development of a roughly steady-state biofilm.
E. coli cells were then introduced in an identical manner to
that described for the clean glass case. In all cases, the cells
were introduced continuously at the design flow rate (24
mL/hr) for 15 min. A schematic of the inoculation procedure
is shown in the Supporting Information as Figure S1.

Confocal Microscopy and Image Analysis. All images
were taken on a Leica SPS2 AOBS single-photon confocal
microscope with a 488 laser set to 15% power for GFP
excitation and a 561 nm laser at 75% power for DsRed
excitation. Three-dimensional stacks were collected (without
stoppage of flow) three times daily at three randomly
preselected and marked fields of view per flow cell such that
the same fields of view were monitored over the course of
the experiment. Six independently fed flow cells from two
separate experiments were evaluated for each inoculation
case (x3 fields of view = 18 data points). Images were
collected using a 40x objective to quantify the attachment
of single cells, and a 10 x objective was used to show patterns
of biofilm formation across the surface of the flow cell. The
IMARIS software package (Bitplane AG, Zurich, Switzerland)
was used to recreate confocal images into three-dimensional
renderings.

Quantitative analysis was performed using Metamorph
(Universal Imaging Corporation, Downingtown, PA). The
number of attached cells per field of view was counted and
scaled up to cells per square centimeter and is reported as
mean =+ standard error. A user-defined script was written for
calculating volumes occupied by each species. The threshold
intensity value was set manually for each fluorescent label
and then applied uniformly to all images. The pixels with an
intensity value above the threshold in each plane were
converted to area (um?) and summed over the set of z-stack
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planes. The user-defined script allowed for volume calcula-
tion at any location within a field of view. The P. aeruginosa
migration velocity (um/h) was calculated by measuring the
distance that the leading edge moved from one image to the
next, and dividing by the change in time between images.

Computational Fluid Dynamics. CFX (version 10.0,
ANSYS Europe Ltd.) was used to evaluate the velocity and
shear stress profiles in the clean square capillary. The flow
cell geometry was created in ANSYS Workbench and imported
into CEX. Input values for the model were the design flow
rate (8.3 mm/sec), zero velocity at wall surfaces (no-slip),
and an outlet pressure of 1 atm. A final mesh size 0f 901 966
tetrahedral elements (167 803 nodes) was used for calcula-
tions. The strain rate (s™!) generated by CFX is multiplied by
the dynamic viscosity of water at 25 °C (8.91 x 107* N-s/m?)
to obtain the shear stress (N/m?).

Effluent Analysis. Effluent samples were collected at each
image acquisition time. A minimum of 500 L was collected,
vortexed for 20 s, serially diluted (1/4x Ringer), and plated
on TSA. Another 500 uL was collected simultaneously and
vacuum-filtered (intact sample) on 0.2 um polycarbonate
filters for direct epifluorescence microscopy. A total of 10
randomly selected fields were imaged for each filter with a
40x objective. The percent of E. coli coaggregated with P.
aeruginosa was calculated by overlaying the two channels
and counting by hand the total number of E. coli cells in
direct contact with a P. aeruginosa cell, and dividing by the
total number of E. coli cells per field of view.

Statistical Analysis. Statistical analysis was performed
using MINITAB Release 14 (Minitab, Inc.). Point estimates
arereported as the mean + standard error. ttests determined
whether two means were statistically significantly different.
A linear regression model was performed on the log of the
biovolume values to check for statistically significant in-
creases in biovolume with time. Analysis of variance was
performed on the log values of measured biovolume to estimate
the variance between lines and between experiments.

Results

Batch Culture Experiments. Planktonic growth curves were
conducted under the same nutrient conditions as the biofilm
experiments. E. coli grew approximately 50% faster, with a
Umax (ESEM, standard error of the mean) value of 0.64 (£0.01)
h™!, compared to 0.40 (0.03) h™! for P. aeruginosa. Identical
Umax Values were exhibited when grown in the presence or
absence of antibiotic, or when grown together.

E. coli Attachment. E. coli was introduced under con-
tinuous flow conditions into a clean glass capillary flow cell
for 15 min. Confocal microscopy revealed that no cells
irreversibly attached to the glass, even though some of the
E. coli cells associated with the glass and twitched in a
direction perpendicular to the flow, but these events lasted
only seconds and were always followed by detachment.

Planktonic E. coli (DsRed) and P. aeruginosa (GFP) cells
were simultaneously introduced (co-inoculation) into a clean
glass capillary under the same flow conditions as in the clean
glass case. Both E. coli and P. aeruginosa cells remained
irreversibly associated with the glass. All observed E. coli
cells were in direct physical contact with an attached P.
aeruginosa cell. Microscopic examination of the inoculum
revealed that coaggregation of the cells occurred prior to
inoculation. The average (+=SEM) attached population of E.
coli after the initial inoculation period was 2.6 x 103(+ 2.7
x 10%) cells/cm?.

Planktonic E. coli cells were also introduced into a flow
cell precolonized with a 72-h P. aeruginosa biofilm. The P.
aeruginosabiofilm was a flat slab approximately 50 um thick
in the center of the flow path, with a mixture of individual
microcolonies and voids near the edges. As detected by
confocal microscopy, significantly more E. coli cells (P =



FIGURE 1. Time lapse confocal microscopy showing (top view) biofilm development from a P. aeruginosa (green) and E. coli (red)
dual-species biofilm following co-inoculation into a clean flow cell. At a steady state (93 h), P. aeruginosa preferentially colonizes
the center of the flow path, and E. coli colonizes the outer 200 um edges (flow is from left to right).

0.018) adhered in the precolonized flow cell (1.6 x 10* + 7.7
x 10% cells/cm?) than in the co-inoculated one. The pre-
dominant location of trapped cells was between the P.
aeruginosabiofilm and the glass substratum. Only a few cells
were found on the surface of the biofilm, and a few others
were located in channels within the biofilm (Figure S2,
Supporting Information). No E. coli attachment was detected
in previously uncolonized locations.

Biofilm Development. P. aeruginosa and E. coli dual-
species biofilm development was monitored at regularly
scheduled intervals for 93 h. No E. coli biofilm development
occurred when introduced on clean glass, as no E. coli cells
attached irreversibly. In 2 of the 18 fields of view for the
precolonized case, some minor microcolony development
was observed at the outer edges of the flow path. No
development was seen in the other 16 cases. When averaging
the 18 fields of view, accumulation was not significantly
different from zero (P = 0.52).

Significant E. coli biofilm development was seen in the
co-inoculated reactors (P < 0.001). Three-dimensional con-
focal images of biofilm development in a co-inoculated flow
cell are shown in Figure 1. At early time points in the co-
inoculated reactor, the initial attachment for both species
and early microcolony development occurred at the outer
200 um edge of the flow path. P. aeruginosa was the
predominant species in the flow cell for the first 36 h of
biofilm development.

After initial growth in the corners and beginning at hour
33, the Pseudomonas biofilm migrated perpendicular to the
flow direction and built a dense wall of cells parallel to the flow
direction, gradually expanding toward the center of the flow
cell atamean (=SEM) velocity of 7.5 (£1.8) um/h (57 h). This
migration vacated the edges of the flow cell, which was
subsequently occupied by E. coli. E. coli developed into
mature microcolonies along this outer 200 um edge of the
flow cell and was never found in the center of the flow path.
Pseudomonas, at the end of the 93-h experiment, existed in
a flat-slab structure 500 um wide at the center of the flow
path, along the entire length of the flow cell. This structure
was very uniform, with little surface roughness. The entire
movie of biofilm formation can be seen at http://www.
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FIGURE 2. Log biomass for E. coli (A) and P. aeruginosa (B)
versus time. Open symbols, precolonized; closed symbols,
co-inoculated. Data points represent one of three fields of view
for each of six independent flow cells (18 measurements per
time point). Points were randomly jittered to avoid overlap.

biofilm.montana.edu/Res-Lib99-SW/Movies/Database/MD_
DisplayScript.asp.

A plot of the biovolume of each species versus time is
shown in Figure 2. The P. aeruginosa plot shows exponential
accumulation between 9 and 48 h that leveled off around
72 h. E. coli accumulation occurred at a much slower rate
and continued increasing for 93 h.
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FIGURE 3. Strain rate profile generated in CFX (A) showed that the shear force is highest in the center of the flow path (red), and
lowest in the corners (blue and green). (B) E. coli (red) colonized the low shear regions, while P. aeruginosa (green) colonized the
higher shear regions in the center. The line scan feature in Metamorph (C) shows quantitatively that E. coli persisted only in the

outer 200 zm of the flow path.

The fraction of total biovolume occupied by each species
across the entire surface and at the outer edges only was
calculated at each time point and is shown in Figure S4,
Supporting Information. E. coliaccounted for only 1% of the
total attached biovolume by 93 h. When the biovolume is
calculated separately for the outer 200 um edges of the flow
path, E. coli accounts for over 50% of the total biovolume.

Computational Fluid Dynamics. A fluid dynamics mod-
eling program (CFX) was used to evaluate the hydrodynamics
in a clean square capillary tube. The strain rate profile along
the surface of the flow cell is shown in Figure 3, together with
the bacterial colonization pattern for comparison. At 1 um
above the surface (little variation is seen between the surface
and 10 um above the surface), the shear stress increases from
a minimum of 2.7 x 1072 N/m? at the corner (X = 0 um), to
amaximum of 8.4 x 1072 N/m? at the center of the flow path
(X = 450 um), with an approximate value at X = 200 ym of
5.7 x 1072 N/m?.

Effluent Analysis. Effluent was captured immediately
downstream from the flow cell for direct microscopic and
viable cell count analysis. Roughly 10-fold more E. coli cells
were seen in the effluent from the precolonized line than the
co-inoculated line 3 h after inoculation. The E. coli counts
from the co-inoculated but not the precolonized line
increased with time, and by 96 h there was no significant
difference between the means for the two inoculation cases
(P=10.11).

Direct microscopy was performed on the filtered effluent
to determine the extent of coaggregation (Figure 4). Initially,
the effluent from co-inoculated lines consisted primarily of
single, unassociated cells. At later time points, the effluent
population consisted mainly of larger P. aeruginosa clusters
coaggregated with single cells and smaller cell clusters of E.
coli. In contrast, when E. coli cells were introduced into a
flow cell precolonized with a mature P. aeruginosa biofilm,
E. coli cells in the effluent were nearly completely coaggre-
gated at all time points.
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Batch culture kinetics reveals an organism’s ability to utilize
nutrients and reproduce in a given system. In the absence
of production of inhibitory compounds, single-species batch
kinetics usually predicts which species will out-compete
others in a mixed-species batch or chemostat experiment
(5—7). However, this is often not the case in biofilm cultures.
Many studies have shown slower-growing organisms to
coexist with or even out-compete the faster-growing organism
in various biofilm systems (5, 7, 26). In the present study, E.
coli O157:H7 grew 50% faster than P. aeruginosa PAO1 in
batch cultures. However, when grown together in a flow cell
under identical nutrient conditions, P. aeruginosadeveloped
faster, and the final biovolume was approximately 100 times
greater than that of E. coli. The planktonic growth rate of E.
coliwas the same in the presence or absence of P. aeruginosa,
suggesting that this effect is not due to the production of
inhibitory compounds by P. aeruginosa.

Previously, various E. coli O157:H7 strains have been
shown to form biofilms (15, 16, 27) in static batch systems.
Additionally, it has been reported that, although the 0157
strain formed a biofilm on stainless steel, the cells were weakly
adhered and mild agitation induced sloughing (28). In the
present study, E. coli O157:H7 was examined for its ability
to form a biofilm alone and in coculture with P. aeruginosa
in a continuous flow environment. In the present study, E.
coli was not able to irreversibly attach to the clean glass
surface when introduced alone under continuous flow
conditions.

Previous research has shown that both biotic and abiotic
particles are captured by biofilms. A mature P. aeruginosa
biofilm in a glass flow cell was shown to capture a much
greater number of Cryptosporidium oocysts than the cor-
responding abiotic surface (29). Other experiments have
revealed similar patterns for the capture of abiotic particles
introduced into biofilm-coated surfaces (30—32). When
bacteria encounter biofilm-coated surfaces, additional spe-
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FIGURE 4. Percent (mean) of E. coli cells coaggregated with a P. aeruginosa cell as determined by direct microscopy of filtered
effluent. E. coli from the co-inoculated flow cell (closed circles) were initially unassociated but, by 50 h, were predominantly
coaggregated. E. coli from the precolonized flow cell (open circles) were predominantly coaggregated at all time points. Error bars

represent the standard error of the mean for 10 images.

cific coaggregation and coadhesion interactions are known
to occur (3).

In the present study, E. coli did adhere in relatively high
numbers when introduced continuously into a glass flow
cell precolonized with P. aeruginosa biofilm. Coaggregated
cells in the effluent were observed almost immediately,
though surface coadhesion was not seen to a large extent.
Attachment occurred primarily underneath the biofilm,
rather than on the surface. The 15 min in which the E. coli
cell culture was pumped through the flow cell was not likely
to be enough time for cells to move through the intact biofilm,
suggesting that advective flow reached the glass-biofilm
interface in the mature P. aeruginosaflow-cell grown biofilm
through pores or biofilm channels. In fact, closer examination
revealed that the biofilm itself was not uniformly attached
to the surface but, rather, anchored at a few points with the
majority of the biovolume fluctuating with the peristaltic
motion of the pump. This movement increases the ability of
the biofilm to capture invading E. coli cells from the bulk
fluid.

Attempts at colonizing E. coli in the glass capillary were
also made by simultaneously inoculating E. coli with P.
aeruginosa. E. coli formed coaggregates with P. aeruginosa
in the bulk fluid, which then coadhered to the substratum.
In all of the observed cases, attached E. coli cells were
associated with a P. aeruginosa cell. Subsequent biofilm
development was monitored using confocal microscopy for
a period of 93 h following the inoculation of E. coli and P.
aeruginosa. Consistently, during early development, Pseudomo-
naswas the dominant species despite E. colihaving the higher
planktonic growth rate. Development of E. colimicrocolonies
occurred only along the outer 200 um edge of the flow cell
and began only after P. aeruginosa migrated away from the
edges into the center of the flow path. Bacteria are known
to condition surfaces by leaving protein deposits on the glass
(35, 36), and these surface coatings have been shown to
enhance both attachment and biofilm formation (37).

The migration by P. aeruginosawas not influenced by the
presence of E. coli, as the same pattern was seen when grown
alone under identical flow and nutrient conditions (data not
shown). The mean migration velocity of approximately 7
um/h can be compared to other studies where migration
velocities of P. aeruginosa clusters were influenced by

hydrodynamic conditions. In one study (38), biofilm migra-
tion velocities were very similar (maximum of 7 um/h) and
occurred in a direction independent of the fluid flow and in
the general direction away from neighboring clusters, sug-
gesting displacement-based velocities. In another study (39),
P. aeruginosamigrated downstream at a mean velocity of 0.5
um/h and 9 um/h under laminar and turbulent conditions,
respectively, suggesting shear-induced velocities.

A major advantage of confocal microscopy is the ability
to obtain quantitative information on the reactor as a whole
and also atlocalized regions. This provides insight into where
subpopulations exist, allowing for a greater understanding
of the various factors involved in mixed-species interactions.
For the present study, user script was written in Metamorph
to calculate biovolumes at user-defined regions within the
flow cell cross-section. A reactor level evaluation of the co-
inoculated flow cell revealed that E. coli comprised less than
1% of the total biovolume (P. aeruginosabiovolume is greater
than 99% of the total). But when examining the population
in the outer 200 um only, E. coli accounted for greater than
50% of the biovolume.

Both the initial colonization and the more favorable E.
coli microenvironment occurred at the outer 200 um edges
of the flow path. Shear force is proportional to the rate of
change in velocity along the cross-section and is lowest at
the outer edges (corners), increasing to a maximum at the
center of the flow path. Previous studies have discussed
detachment and bacterial migration phenomena relative to
flow cell hydrodynamics (38—41). Additionally, experimental
velocity maps from magnetic resonance microscopy in the
same capillary flow cell show a zone of approximately 200
um with a substantially reduced flow velocity gradient (42).
The lower-velocity region results in a lower mass transfer
rate, though its role in the population heterogeneities
observed remains unknown.

Even though 10-fold more E. coli cells initially adhered
in the precolonized versus a co-inoculated flow cell, little to
no development of E. coli occurred in this system. The
biovolume of E. coli from co-inoculation increased 100-fold
in 93 h, with no increase in the precolonized system. This
highlights the importance of habitat favorability over seeding
density in this dual-species biofilm. In one case, the “seeding”
of E. coliis 10-fold higher, but the habitat is not as favorable.
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In the case with lower “seeding” but a more favorable habitat,
fewer cells initially attach but then increase over the following
93 h. This pattern of growth is very similar to that seen in
macro weed ecology models, where habitat favorability
dominates over seeding density in determining whether or
not the weed will multiply (43). Similarly, while E. coli has
the highest seeded population in the precolonized case, it
exhibits the most development in the cocolonized case.
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