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Biofilms were grown from wild-type (WT) Pseudomonas aeruginosa PAO1 and the cell signaling lasI mutant
PAO1-JP1 under laminar and turbulent flows to investigate the relative contributions of hydrodynamics and
cell signaling for biofilm formation. Various biofilm morphological parameters were quantified using Image
Structure Analyzer software. Multivariate analysis demonstrated that both cell signaling and hydrodynamics
significantly (P < 0.000) influenced biofilm structure. In turbulent flow, both biofilms formed streamlined
patches, which in some cases developed ripple-like wave structures which flowed downstream along the surface
of the flow cell. In laminar flow, both biofilms formed monolayers interspersed with small circular microcolo-
nies. Ripple-like structures also formed in four out of six WT biofilms, although their velocity was approxi-
mately 10 times less than that of those that formed in the turbulent flow cells. The movement of biofilm cell
clusters over solid surfaces may have important clinical implications for the dissemination of biofilm subject
to fluid shear, such as that found in catheters. The ability of the cell signaling mutant to form biofilms in high
shear flow demonstrates that signaling mechanisms are not required for the formation of strongly adhered
biofilms. Similarity between biofilm morphologies in WT and mutant biofilms suggests that the dilution of
signal molecules by mass transfer effects in faster flowing systems mollifies the dramatic influence of signal
molecules on biofilm structure reported in previous studies.

Cells in bacterial biofilms are often less susceptible to host
immune responses and antibiotics than cells grown in suspen-
sion (18). Biofilms may also provide a protective environment
for pathogens, which, when released from the biofilm, may
result in contamination of drinking water and medical fluids in
delivery devices such as dialysis machines, venous catheters,
dental water lines, and airway ventilators. Life-threatening in-
fection caused by Pseudomonas aeruginosa in cystic fibrosis
patients is a well-known example (8). Since biofilm formation
in itself can be considered a virulence factor, it is important to
understand the mechanisms which influence biofilm accumu-
lation, structure, and behavior. Both hydrodynamics and cell
signaling have been found to influence the structure of
P. aeruginosa PAO1 biofilms. Stoodley et al. (27) reported
that, under conditions of low-shear laminar flow, the biofilm
consisted of a monolayer of cells with mound-shaped circu-
lar microcolonies but under high-shear, turbulent flow con-
ditions, the biofilm formed filamentous streamers. Davies
et al. (3) found that N-3-oxo-dodecanoyl homoserine lactone
(OdDHL), a cell signal molecule involved in quorum sensing
(QS) (reports regarding putative regulatory QS pathways and
the role of QS in pathogenicity can be found elsewhere [5, 16,
20]), was required for the differentiation of biofilms into com-
plex mushroom- and tower-like structures, which they de-
scribed as characteristic of normal biofilms. However, Heydorn
et al. reported in a recent study (11) that in their system, the
wild-type (WT) PAO1 biofilm was relatively flat and there was
no statistically significant difference in structure between the

WT and the lasI JP1 mutant. Additionally, Heydorn et al.
reported that the structure of laboratory-grown biofilms is of-
ten highly variable (10). A complicating factor in the role of QS
in biofilm formation is the possible effect that an overlying
flowing fluid will have on the concentration of signal molecules
within a biofilm. QS is not solely a function of high cell density
but is more directly related to high signal concentrations. In
closed-system batch cultures, these tend to coincide in the
stationary phase. However, in open, flowing systems in which
the bulk water is continually refreshed, it is possible for diffus-
ible signal molecules to be washed out of the biofilm. Even
though mass transport studies demonstrate that diffusion is the
principal transport mechanism within cell clusters (4), the re-
moval of signal molecules from the flowing bulk fluid sur-
rounding the cell clusters increases the concentration gradient
across the biofilm-bulk liquid interface, driving the diffusive
flux of signal molecules out of the biofilm. The signal concen-
tration in the cell clusters in an open system would, therefore,
be expected to depend on the production rate, the rate of
diffusion through the biofilm, and the hydrodynamic conditions
of the bulk liquid. An understanding of the effects of QS on
biofilm structure and behavior under different flow conditions
has important applications in industry and medicine.

The goal of the study was to investigate the role of QS in
biofilm structure and behavior under different flow regimens.
We grew biofilms from the WT P. aeruginosa PAO1 strain and
the OdDHL-deficient JP1 mutant strain under conditions of
either turbulent (high shear) or laminar (low shear) flow. Dig-
ital time-lapse microscopy (DTLM) was used to quantify bio-
film accumulation, structural morphology, and dynamic behav-
ior. The influence of QS and flow on biofilm structure was
assessed by univariate and multivariate analysis of spatial and
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textural image parameters, which were quantified using Image
Structure Analyzer (ISA) software developed for biofilm anal-
ysis.

(This paper is to be used as partial fulfillment for the M.S.
degree in Microbiology of B.P.)

MATERIALS AND METHODS

Bacterial strains and nutrients. Biofilms were grown from WT P. aeruginosa
PAO1 (12) and JP1, a �lasI::tet, lasI null mutant derived from PAO1 which does
not produce the QS signal OdDHL (21). Luria-Bertani (LB) broth (1/50
strength, 4 g/liter) was used as the growth medium for biofilms. Full-strength LB
broth was used to grow the flask cultures (grown with 24 h of shaking) used for
initial inoculation.

Biofilm reactor system. Biofilms were grown in two glass tube flow cells, 20 cm
long and 3 mm in width and height (Friedrick & Dimmock, Millville, N.J.), which
were incorporated in parallel positions into a recirculating continuous-culture
system (Fig. 1). The flow velocity (u) was maintained at u � 0.033 m/s in one flow
cell for laminar flow and at u � 1.0 m/s in the other flow cell for turbulent flow.
At these flow velocities, the Reynolds (Re) numbers were 100 and 3,000, respec-
tively. The Re number is a comparative indicator of hydrodynamic conditions in
different flowing systems. Flow velocity was measured with in-line flow sensors
(McMillan model 101T Flo-Sensor, serial no. 3724 and 3835; Cole-Parmer, Niles,
Ill.). The flow cells were positioned in a polycarbonate holder, which was
mounted on the stage of an Olympus BH2 upright microscope so that the biofilm
could be imaged in situ without interrupting flow. A septum-sealed sampling port
was positioned between two flow breaks in the effluent line. The system, includ-
ing a mixing chamber designed for aseptic aeration and nutrient addition, is
described in detail elsewhere (29). Independent triplicate experiments (runs 1, 2,
and 3) were run for 6 days, each system consisting of side-by-side laminar and
turbulent flow cells in duplicate. Under operating conditions, the water temper-
ature in the reactor system was 23°C, and all experiments were performed at this
temperature.

Reactor sterilization. The reactor system, except the thermally sensitive flow
sensors, was autoclaved at 121°C for 15 min. The sensors were sterilized with
70% ethanol for 15 min, NaOCl solution for 15 min, and 70% ethanol for 30 min

(29). The sterility of the reactor system was confirmed by plating 0.1-ml aliquots
of effluent onto LB agar (LA).

Inoculum and media. The reaction mixture, containing 1/50-strength LB
broth, was inoculated with 1 ml of an overnight LB broth (20 g/liter; 37°C) shake
flask culture of PAO1 and JP1. The reactor was initially run as a recirculating
batch culture for 24 h, to allow attachment, before being switched to continuous
culture mode. The system was switched to continuous culture mode by delivering
1/50-strength LB broth to the mixing chamber via peristaltic pump (serial no.
7553-80; Cole-Parmer). The influent flow rate was maintained at 4.3 ml/min,
giving a dilution rate of 0.025 h�1 (hydraulic residence time � 40 min). This rate
was above that of washout (the growth rates of PAO1 and JP1 on LB broth were
0.15 � 0.01 h�1 (n � 3) and 0.10 � 0.02 h�1 (n � 3), respectively) to minimize
suspended growth and encourage biofilm growth. Effluent samples were taken
periodically to monitor the detached population and to confirm culture purity.
The JP1 effluent was plated on both LA and LA with tetracycline (50 �g/ml) to
confirm the culture purity and integrity of the mutant. Daily comparisons showed
no significant difference (P � 0.05).

Biofilm cell concentration. At the end of each experiment, the flow cells were
aseptically separated from the system and 2-cm-thick sections were cut (using a
diamond knife) from the inlet, middle, and outlet of the flow cells. The sections
of glass tubes were sonicated for 5 min and vortexed in test tubes with 5 ml of
Ringer’s solution to remove biofilm cells (29). This procedure was repeated three
times. A serial dilution was prepared, and six 10-�l aliquots were plated onto LA
and LA plates with tetracycline (50 �g/ml). The plates were incubated at 37°C for
24 h.

Microscopy. The developing biofilm was visualized in situ by using transmitted
light and 5�, 10�, and 50� objective lenses with an Olympus BH2 microscope.
Images were collected using a COHU 4612-5000 charge-coupled device camera
(Cohu, Inc., San Diego, Calif.) and captured with a VG-5 PCI framestone board
(Scion Inc., Frederick, Md.). The Scion image software was used to collect
time-lapse sequences and for image enhancement and analysis. A 1-mm-long
graticule with 10-�m divisions was used to calibrate length measurements. For
the ripple dimensions, the length was defined as the longer dimension, running
perpendicularly to the flow, and the width was defined as the shorter dimension,
running parallel to the flow. On days 5 and 6, the distance traveled by individual
ripples over a 16-h monitoring period was also measured, at hourly intervals.
Linear regression was used to calculate the average ripple travel velocity over this

FIG. 1. Schematic representing the main components of the flow system and orientation of flow cells with respect to the microscopic objec-
tive.
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time period. The biofilm thickness and surface area coverage were measured on
each day at five random locations in the biofilm area for each flow cell (29).

ISA. The ISA software package, which was developed by the Biofilm Structure
and Function Research Group at the Center for Biofilm Engineering (www.erc
.montana.edu/CBEssentials-SW/research/ImageStructureAnalyzer/default.htm),
was used to quantify nine spatial and textural parameters from individual biofilm
images for statistical comparison (32). The ISA software was operated in a
MATLAB 6.1 program (The MathWorks). Low-power images, taken with a 10�
lens objective, were used to quantify the larger-scale biofilm structures and
patterns, which could not be seen at higher power magnifications. The calculated
biofilm cell cluster dimensions were horizontal run length (average length of the
cell clusters, which in our setup were parallel with flow direction), vertical run
length (average length of the cell clusters perpendicular to flow), average diffu-
sion distance (average distance from the cells in the cluster to the nearest
interstitial space, similar to an equivalent radius), and maximum diffusion dis-
tance (maximum distance from the interior of the cluster to the edge). The
fractal dimension (a measure of the roughness of the biofilm cell clusters) and
porosity (the proportion of void areas) were also quantified. These parameters
were calculated from automatically thresholded binary images to remove sub-
jectivity from the analysis (33). ISA also calculates three textural parameters
from the gray scale images which describe microscale heterogeneities in the
image: textural entropy (a measure of randomness between pixels in the biofilm
image), angular second moment (a measure of directional repeating patterns of
pixels), and inverse difference moment (a measure of spatially repeating patterns
of pixels).

Statistical analysis. Statistical comparisons of thickness and manually mea-
sured parameters from Scion Image were analyzed by analysis of variance
(ANOVA) using Minitab software (version 13.3; Minitab, Inc., State College,
Pa.). Data were reported as means � 1 standard error. Univariate ANOVA and
multivariate ANOVA (MANOVA) were used to statistically compare quantified
parameters from ISA. Data from biofilm images taken on days 4 and 5 were
pooled to increase statistical rigor. A two-factor (P. aeruginosa strain and flow

rate) additive ANOVA and MANOVA calculation was performed on the nine-
variable matrix. Differences were considered significant for P values of 	0.05.

RESULTS

Biofilm development, morphology, and behavior. (i) Bio-
films grown under laminar flow. Within 24 h of the inoculation
period, the biofilms for both the PAO1 and JP1 strains con-
sisted of a sparse layer of cells (Fig. 2). By day 3, circular
microcolonies approximately 15 �m thick had developed in
both biofilms. By this time, there was a monolayer of cells
between the colonies such that the surface area coverage had
reached 100% in both biofilms (Fig. 3). The thickness and
surface area coverage did not change significantly (P � 0.05),
and at the end of the run (day 6), the PAO1 and JP1 biofilms
were 17.5 � 0.7 �m and 19.6 � 3.7 �m thick, respectively. The
average surface coverage of the PAO1 biofilm had decreased
slightly to 87.3 � 12.7%, whereas the JP1 biofilm remained at
100 � 0%. There was no significant difference between the
measurements of daily thickness (all P values of �0.06) and
surface area coverage (all P values of �0.19) of the PAO1 and
JP1 biofilms on any of the 6 days. In runs 1 and 2, the PAO1
biofilms formed highly organized ripple-like structures (regu-
larly spaced ridges running perpendicularly to the flow direc-
tion) (Fig. 4, panels A to C). The ripples were only evident
when the biofilm was viewed under low-power magnification

FIG. 2. P. aeruginosa PAO1 and JP1 biofilms grown in turbulent and laminar flow cells. PAO1 biofilm in turbulent (A to C) and laminar (G
to I) flow cells and JP1 biofilm in turbulent (D to F) and laminar (J to L) flow cells on days 1 (top row), 3 (middle row), and 6 (bottom row) (scale
bars � 20 �m, 100 �m, and 100 �m, respectively) are shown. By day 3 in turbulent flow, both the PAO1 and JP1 strains had formed similar
streamlined patchy biofilms. In laminar flow, both PAO1 and JP1 formed a flat monolayer of cells with occasional circular colonies. C, circular
colony; R, ripple structure; S, streamers; SP, streamlined patches. The flow direction is from right to left on each panel.
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(10�) and were not apparent when viewed with higher (50�)
magnification objectives (Fig. 4D and F). Although ripple mo-
tion was not apparent in real time, DTLM showed that the
ripples were traveling at a constant downstream velocity of 0.51
� 0.06 �m/h (n � 17) (Fig. 5). It appeared that the individual
ripples moved over an underlying layer of bacterial cells that
were more firmly attached to the surface. Ripple structures
were not seen in any of the JP1 biofilms.

(ii) Biofilms grown under turbulent flow. The mean surface
coverage of both PAO1 and JP1 biofilms steadily increased
over the growth period and by day 6 reached 82.1 � 3.4% and
72.2 � 1.4%, respectively. The JP1 biofilm was generally
thicker than the PAO1 biofilm and after 6 days was 27.2 � 2.6
�m thick compared to 21.7 � 15.8 �m. However, in similarity
to the biofilms grown in laminar flow, there were no statistical
differences between the daily thickness (all P values of �0.05)
and surface coverage (all P values of �0.05) measurements
over the course of the experiment. Morphologically, both bio-
films formed large streamlined patches and filamentous
streamers (Fig. 2). Between the streamers, the substratum was
covered with single cells, whose arrangement ranged from a
sparse covering to a confluent monolayer. In some areas, the

thicker patches of biofilms appeared to have joined to form a
continuous layer. All three of the PAO1 biofilms and two of
the JP1 biofilms also formed ripple structures similar to those
seen in the PAO1 biofilms grown in laminar flow. Between
days 3 and 5 of growth, the ripples formed both in the stream-
lined patches and in the more extensively covered areas. These
ripples had higher contrast, making them easier to visualize
than those that developed in laminar flow. However, the ripple
dimensions in the PAO1 biofilms were not significantly differ-
ent from those that formed in laminar flow (length, P � 0.45;
width, P � 0.79; and spacing, P � 0.35). The ripples that
formed in the JP1 turbulent biofilm were smaller than those in
the PAO1 biofilm (all length, width, and spacing P values,
	0.001). DTLM from run 1 on day 5 showed that the ripples
traveled downstream at an average velocity of 8.7 � 1.6 �m/h
(n � 17; r2� 0.97) in the PAO1 biofilm and 7.2 �m/h (n � 17;
r2 � 0.98) in the JP1 biofilm (Fig. 5). In run 3, the PAO1
biofilm ripples were traveling at an average velocity of 14 �m/h
(n � 15; day 6). These velocities were more than 10 times those
measured in the PAO1 biofilms grown in laminar flow condi-
tions (0.51 �m/h, r2� 0.61, n � 17).

Video time lapse movies showing the biofilm ripple struc-

FIG. 3. Biofilm development and accumulation measured by surface area coverage (A) and thickness (B) over the course of the experiments.
JP1 in turbulent conditions (solid bars), PAO1 in turbulent conditions (open bars), JP1 in laminar conditions (dark gray bars), and PAO1 in
laminar conditions (light gray bars) are shown. Error bars represent 1 standard error; n � 15.
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tures flowing downstream are available at the following web-
site: www.erc.montana.edu/Res-Lib99-SW/Movies/default.htm.

ISA and statistical analysis. ISA results and univariate
ANOVA results from ISA are shown in Table 1. The five
dimensional parameters showed that the cell clusters in the
biofilms grown under turbulent flow were larger than those
grown under laminar flow. These differences were highly sig-
nificant between the different flows for all of the parameters (P
	 0.002), while between the WT and mutant biofilms, three of
the five dimensional parameters were significantly different.
There was a significant difference between bacterial strains in
two of the three textural parameters and between the different
flow rates in one of the three textural parameters. MANOVA
showed that both strain and flow had a significant influence on
the ISA parameters (both P values, 	0.001), but there was not
a significant univariate interaction between flow and strain (P
� 0.091). Recalculation using an additive model with 1 degree
of freedom also yielded P values of 	0.001 for both flow and
strain.

Biofilm cell concentration. The average biofilm cell concen-
tration in the three PAO1 runs was similar (P � 0.28) in both
turbulent and laminar flow cells (1.2 � 0.1 � 107 CFU/cm2 [n

� 54] and 8.1 � 0.7 � 106 CFU/cm2 [n � 61], respectively). In
the JP1 biofilms, there was also no significant difference (P �
0.79) between cell concentration in the turbulent and laminar
flow cells (2.1 � 0.9 � 106 and 1.7 � 0.6 � 106 CFU/cm2,
respectively). Differences were not significant between the
PAO1 and JP1 biofilms grown in turbulent flow (P � 0.09) but
were significant between the PAO1 and JP1 biofilms grown in
laminar flow (P � 0.01).

Effluent cell concentration. After 3 days, the average effluent
concentration in the three runs in the PAO1 and JP1 biofilms
increased to 8.9 � 107 � 3.4 � 107 CFU/ml and 1.6 � 108 �
2.4 � 108 CFU/ml, respectively. Over the remaining 3 days of
the experiment, these concentrations varied no more than 1
order of magnitude.

DISCUSSION

Biofilm structure. There was little difference in the accumu-
lation rates of the WT and QS mutant biofilms grown under
either laminar or turbulent conditions, as estimated by thick-
ness, surface area coverage, or viable biofilm cell concentration
values. After 6 days, the thickness of all the biofilms had sta-
bilized at approximately 20 �m and the surface area coverage

FIG. 4. Ripple structures formed in PAO1 and JP1 biofilms. Images of PAO1 biofilm ripple structures in the biofilms growing in the turbulent
flow cell (A) and the laminar flow cell (B), taken at days 4 and 5, respectively, are shown. The ripples were aligned perpendicularly to the flow
direction (right to left). Scale bar, 200 �m. (C) JP1 biofilm ripple structures in the turbulent flow cell taken on day 6. Scale bar, 200 �m. The ripple
structures were much less evident under higher magnification (the images in panels D and F are of the same fields as those in panels A and C,
respectively). Scale bar, 20 �m. (E) Patchy PAO1 biofilm structures in the turbulent flow cell, run 3, day 5. Scale bar, 100 �m.
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was over 80%. We noted few visual differences between the
WT and mutant biofilms, in contrast to more obvious differ-
ences between biofilms grown under the two flow regimens.
Biofilms grown under laminar flow consisted predominantly of
a thin layer of cells interspersed with distinct circular micro-
colonies. In some cases in the WT biofilm, ripple-like ridges
running perpendicularly to the flow appeared in the biofilm.
The ripples were only apparent at lower magnification. Similar
structures have been reported in mixed-species laboratory bio-
films grown in turbulent flow (28), and in river water biofilms
(17). The ripples consisted of densely packed bacteria. In tur-
bulent flow, both WT and mutant biofilms developed stream-
lined patches, which were tapered in the downstream direction.
Ripple structures formed in each of six flow cells with WT
biofilms but in only four out of six of the mutant biofilms,
demonstrating the inherent variability commonly encountered
in flow cell studies. Manual measurement of ripple dimensions

revealed that the WT ripples were significantly larger that the
ripples formed in the QS mutant (P 	 0.05). Ripples also
formed in four out of six of the WT biofilms grown under
laminar flow but in none of the mutant biofilms. It is possible
that this variability may be explained by subtle differences in
the composition and cohesiveness of the extrapolysaccharide
slime matrix formed by the different strains under the two
different growth conditions.

Structural analysis of biofilm images and statistical com-
parisons. The ISA image analysis package was used to non-
subjectively quantify various spatial and textural parameters of
the biofilm images, allowing us to statistically assess the influ-
ence of cell signaling and flow on biofilm structure. As noted by
Heydorn et al. (10, 11), the inherent heterogeneity common in
biofilm structure makes qualitative comparisons difficult. To
overcome this difficulty, the Danish group developed the soft-
ware package COMSTAT, which is based on single-cell reso-
lution in a three-dimensional volume collected by confocal
microscopy. ISA quantifies two-dimensional grayscale images,
and although ISA does not incorporate three-dimensional in-
formation, it is useful for quantifying the shapes and dimen-
sions of biofilm microcolonies and patterns which are visible at
the larger scales (i.e., at the millimeter level). It can be used
with images collected by conventional bright-field or fluores-
cence-based microscopy. Although visually it was difficult to
distinguish structural differences between the WT and QS mu-
tant biofilms in comparison to the more obvious differences
due to flow regimens, MANOVA of the ISA data revealed
significant structural differences due to both strain and flow.
While the parameters quantifying size dimensions were easily
interpretable, textural information was also useful for the sta-
tistical comparison of data sets, even though physical interpre-
tation of the data was less obvious.

OdDHL is not required for the formation of strongly at-
tached, cohesive biofilms. Although none of our biofilms de-
veloped the distinct mushroom structures which formed in the
PAO1 biofilms in the study of Davies et al. (3), both the WT
and mutant strains did form significant biofilms in both laminar
and turbulent flow. Unlike the results of the Davies study,
which suggested that, in the absence of OdDHL, there was no
true biofilm formation but only a loose accretion of cells, in our

FIG. 5. Downstream transport of PAO1 ripples that formed in
laminar (open triangles) and turbulent (solid triangles) flow and in the
turbulent JP1 biofilm (solid squares) over a 16-h monitoring period.
Measurements were made on day 5 of run 1 for turbulent biofilms and
day 6 of run 1 for the laminar biofilm. The positions of five different
ripples were used to calculate the mean distance traveled during each
hour. Error bars represent 1 standard deviation. The solid linear re-
gression curves were used to determine the average ripple travel ve-
locity.

TABLE 1. Quantified parameters from ISA analysis of low-power images taken of P. aeruginosa WT (PAO1) and mutant (JP1) biofilms
grown under laminar (L) and turbulent (T) flow conditions on days 4 and 5

Parametera

Strainc ANOVA (P value)b

PAO1L
(n � 20)

PAO1T
(n � 28) JP1L (n � 12) JP1T (n � 41) Strain Flow

Porosity 0.62 � 0.12 0.60 � 0.09 0.66 � 0.07 0.62 � 0.08 0.219 0.152
Average diffusion distance (�m) 6.49 � 6.53 18.71 � 18.90 2.38 � 0.39 9.99 � 5.30 0.003d 0.000d

Maximum diffusion distance (�m) 64.94 � 65.71 80.00 � 55.35 58.46 � 36.60 77.57 � 39.43 0.016d 0.002d

Horizontal run length (�m) 10.75 � 8.06 17.29 � 10.16 15.48 � 9.12 20.93 � 8.33 0.178 0.000d

Vertical run length (�m) 8.47 � 6.05 11.19 � 7.28 10.32 � 7.33 12.27 � 4.60 0.029d 0.000d

Fractal dimension 1.53 � 0.12 1.37 � 0.11 1.56 � 0.08 1.34 � 0.12 0.536 0.000d

Angular second moment (� 10�3) 4.26 � 1.37 3.93 � 1.13 2.83 � 1.19 0.99 � 1.23 0.032d 0.105
Textural entropy 8.31 � 0.35 8.40 � 0.27 8.96 � 0.51 8.47 � 0.61 0.015d 0.128
Inverse difference moment 0.12 � 0.03 0.16 � 0.03 0.10 � 0.03 0.17 � 0.06 0.796 0.000d

a See Materials and Methods for explanations of parameters.
b The ANOVA columns show P values from univariate analysis for comparisons between P. aeruginosa strain and flow regimen.
c n, number of samples.
d Statistically significant difference (P 	 0.05).
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flow system, which was operated at much higher shear stresses,
the biofilms must have been strongly adhered and cohesive to
remain attached. Our data suggest that cell signaling is not
required for biofilm formation but possibly plays a role in the
structural heterogeneity of the biofilm. What is becoming ap-
parent is that biofilm structure is highly sensitive to growth
conditions. In the present study, both the WT and mutant
biofilms grown in laminar flow were more similar to the flat
WT biofilms described by Hentzer et al. (9) and Heydorn et al.
(10, 11), and interestingly, to the cell signaling JP1 mutant
biofilm in the study of Davies et al. than were those grown in
turbulent flow conditions. Henzter et al. (9) attributed the
structural differences between the PAO1 WT biofilm in their
study and the WT biofilm in the Davies study to differences in
the growth medium used. In the present study, we used the
same nutrients (2% LB broth) as Hentzer et al. (9), which may
explain why our biofilms were also relatively flat. These data
challenge the ever-growing acceptance of a generalized, nor-
mal biofilm structure as consisting of mushrooms and towers.

Hydrodynamic effects on mass transfer, cell signaling, and
biofilm structure. Hydrodynamic conditions can also strongly
influence biofilm structure. In a previous study of the influence
of cell signaling and hydrodynamics on the structure of P.
aeruginosa biofilms, Stoodley et al. found that hydrodynamic
conditions had a greater influence than null mutations on
structure in the cell signaling regulators lasR and rhlIR (27). In
the study of Davies et al. (3), the biofilms were grown at a Re
of 0.17. The calculated wall shear stress value, however, was
comparable to that calculated for our laminar flow cell (ap-
proximately 0.1 Nm�2), suggesting that differences in observed
WT biofilm structure were more likely related to rates of mass
transfer than to shear-related detachment (which may be ex-
pected to result in flatter, rather than mushroom-shaped, bio-
films). It is possible that in our flow system, the higher rates of
mass transfer, even in our laminar flow cell, had a dilution
effect on signaling molecules. In the absence of QS-inducing
concentrations, it may be expected that there would be little
difference between the WT and QS mutant biofilms. In addi-
tion to influencing structure, hydrodynamic conditions also
influence biofilm density (31) and strength (1, 26), which in
turn may be expected to influence the diffusion of nutrients
and signals through the biofilm.

Movement of biofilm ripples over solid surfaces. DTLM
revealed that the ripples traveled downstream along the chan-
nel walls of the glass. This movement was not noticeable in real
time. Although there were no significant differences in the
morphologies of the ripples grown in the two flow regimens,
the velocity of the ripples in the turbulent flow cell was 8.7
�m/h, approximately 10 times faster than that of those that
formed under laminar flow. Although these velocities appear
low, they may represent a large downstream flux of microor-
ganisms. For example, if half of the approximately 107 CFU of
biofilm cells/cm2 were traveling in ripples at 8.7 �m/h, the
downstream flux (which is dependent on the tube geometry)
would be approximately 5 � 103 CFU cm�1 h�1. The flux in
the laminar flow cell would be 10-fold less. With the exception
of detachment events, biofilms are often depicted as immobi-
lized layers in which the cell clusters remain at the same loca-
tion on the substratum (2, 19). The present study demonstrates
that biofilms can move along solid surfaces while remaining

attached to those surfaces. The only previous reports of trav-
eling ripples in bacterial communities have been for the myx-
obacteria (23, 24). However, we believe that there are some
fundamental differences in the mechanisms of migration de-
scribed in those reports from those reported here. For Myxo-
coccus xanthus, a species of gliding bacteria, ripples are formed
because of the coordinated motility of individual cells, which is
controlled by signaling molecules (23). These ripples are not
flow dependent and can occur on solid surfaces in quiescent air
or water. In our biofilms, the migration velocity and ripple
structure varied as a function of the fluid shear stress (28),
suggesting that this behavior was a physical phenomenon. The
apparent flow of biofilms may be related to the fluid-like prop-
erties reported for mixed- and pure-culture PAO1 biofilms
(29) and to the hydrogel nature of the polymer matrix (7, 30).
Nevertheless, shear-mediated migration of biofilms represents
a previously unrecognized mechanism for dissemination in
flowing systems and may have important consequences for
contamination and infection in industrial or clinical environ-
ments.

Flowing biofilms have been implicated in ventilator-associ-
ated cases of pneumonia (13). In that clinical study, 23 of 50
tracheal tubes were found to contain biofilms with what were
termed “wave-like” patterns. This led Inglis et al. (13, 14) to
infer that the biofilm had been flowing along the tube and that
this flow may be related to dissemination into the lungs. Our
studies directly demonstrated that this phenomenon is possi-
ble. Unlike dissemination via detached planktonic cells, sur-
face-associated transport allows the spread of entire biofilm
structures, presumably with preserved resistance to various
antibiotics and chemical disinfectants (25). The flow of biofilms
along pipe walls may also be an important consideration in
infection from venous catheters (6), dental unit water lines
(22), or dialysis machines (15). Further work is required to
determine the significance of surface-associated biofilm trans-
port in the dissemination of microbial pathogens in both clin-
ical and industrial settings.

Concluding remarks. In agreement with previous studies
(11, 27), our results suggest that QS alone is not necessarily
required for biofilm formation and that other factors of the
growth environment, such as nutrients and hydrodynamic con-
ditions, can play a role of equal if not greater significance in
determining the biofilm structure. The relative contribution of
each of these interlinked factors under different growth con-
ditions has yet to be established. However, until a connection
is made that relates the formation of specific biofilm structures
to biofilm virulence in both clinical and industrial contexts,
interference in cell signaling pathways may not be the magic
bullet for biofilm control it was initially thought to be.
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