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The detachment of cells from bacterial biofilms is an important, yet poorly understood and largely unquan-
tified phenomenon. Detached cell clumps from medical devices may form microemboli and lead to metastasis,
especially if they are resistant to host defenses and antibiotics. In manufacturing plants detached clumps
entering a process stream decrease product quality. Two strains of Pseudomonas aeruginosa, a wild type (PAO1)
and a cell signaling mutant (JP1), were studied to (i) quantify and model detachment patterns and (ii)
determine the influence of cell signaling on detachment. We collected effluent from a biofilm flowthrough
reactor and determined the size distribution for cell detachment events by microscopic examination and image
analysis. The two strains were similar in terms of both biofilm structure and detachment patterns. Most of the
detachment events were single-cell events; however, multiple-cell detachment events contributed a large
fraction of the total detached cells. The rates at which events containing multiple cells detached from the
biofilm were estimated by fitting a statistical model to the size distribution data. For events consisting of at
least 1,000 cells, the estimated rates were 4.5 events mm ™2 min~! for PAO1 and 4.3 events mm ™2 min ! for
JP1. These rates may be significant when they are scaled up to the total area of a real biofilm-contaminated

medical device surface and to the hours or days of patient exposure.

The detachment of cells from a bacterial biofilm attached to
a surface is a fundamental process in the biofilm life cycle.
Detachment occurs when single cells or clumps of cells become
separated from the attached biofilm and transfer to the over-
lying fluid (16, 17). Liquid shear stress (15), starvation (1, 13),
and cell signaling (1, 12) are factors that potentially influence
detachment. For a biofilm growing in a flowing environment,
the detached clumps are able to flow downstream, where they
can reattach and establish other biofilms. Biofilm dissemina-
tion via detachment contributes greatly to increased health
costs (14, 19) and environmental costs (5). In addition, de-
tached clumps from Staphylococcus aureus biofilms exhibit tol-
erance to antibiotics which is similar to the tolerance of at-
tached biofilms (6). In spite of the importance of detachment,
detachment mechanisms are not well understood, and quanti-
tative investigations of the detachment phenomenon have not
been conducted.

In this study, we evaluated the frequency of detachment and
the size distribution of detached cell clumps from Pseudomo-
nas aeruginosa biofilms. In addition, by comparing the cell
clump size distributions for wild-type PAO1 strain and the cell
signaling mutant strain JP1, we were able to discern the influ-
ence of the cell signal N-3-oxo-dodecanoyl homoserine lac-
tone, which has been shown to influence the structure of the
attached biofilm (4), on the sizes of detachment events. In this
paper we describe a laboratory methodology for sampling and
analyzing detached clumps from a bacterial biofilm; we also
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estimated the rates at which large detachment events occurred
and compared the detachment event distributions of the two
strains. Three independent replicate experiments with each
strain provided data for assessing the repeatability of the re-
sults for this experimental system. Biofilms were established in
a flow cell reactor, and samples of the effluent liquid were
captured on four separate days within a week after bacterial
inoculation of a flowthrough reactor. The samples were fil-
tered, and the sizes of individual bacterial clumps were mea-
sured by using microscopy and computer image analysis. The
statistical distribution of detachment events involving three or
more cells was estimated by fitting a truncated Pareto proba-
bility distribution (3, 9, 10) to the observed sizes. The Pareto
distribution was devised originally to model the distribution of
income (7, 10), but it has been used successfully to model size
distributions in biology which are highly skewed, nonnormal
distributions (18). From the estimated probability distribution
for each experiment, we calculated a detachment rate, which
was the number of events larger than a specified size per
square millimeter of biofilm-covered surface in the reactor per
minute of effluent collection time. The rates were subjected to
statistical analysis to ascertain the repeatability of the results
and to compare the two strains. Finally, the data from all
samples were statistically pooled to arrive at the overall rate
estimate for each strain.

MATERIALS AND METHODS

Bacterial strains and media. Biofilms were grown from the nonmucoid clinical
isolate P. aeruginosa PAO1 (9) and strain JP1 (11), a AlasI::tet lasI null mutant
derived from PAO1 which does not produce the quorum-sensing signal N-3-oxo-
dodecanoyl homoserine lactone. Cultures were grown at ambient temperatures
(22 = 2°C). Inoculation cultures were grown for 16 h on a shaker in full-strength
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FIG. 1. Schematic diagram showing the main components of the
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Luria-Bertani (LB) broth (20 g/liter; Fisher Biotech, Fairlawn, N.J.). Biofilms
were grown with a continuous flow of 0.02X LB broth (400 mg/liter), and the
medium was aerated in a mixing chamber located just before the injection site.

Biofilm flowthrough reactor system. Biofilms were grown in glass flow cells
that were 3 by 3 mm square and 200 mm long (model FC 93; BioSurface
Technologies Corp., Bozeman, Mont.) with 334 mm of silicone tubing leading to
the waste container (Fig. 1), as previously described (12). The total surface area
in the system was 56.5 cm?; 24 cm? was attributable to the flow cell, and 32.5 cm?
was attributable to the silicone tubing. The total volume of the system was 27 ml,
as measured volumetrically between the inoculation port and the collection site.
Cells were allowed to attach for 45 min after a 2-ml inoculum consisting of 1.96
X 10° = 1.29 X 10° CFU/ml for PAO1 (n = 13) or 5.54 x 10° = 1.46 X 10®
CFU/ml for JP1 (n = 3) was injected into the inoculation port located just before
the flow cell and kept in batch mode. The flow was turned on, and the biofilms
were grown at a flow rate of 1 ml min~! at room temperature (22 * 2°C). The
system had a residence time of 12.3 min, which was much less than the doubling
times (4.52 h for PAO1 and 6.80 h for JP1), so we assumed that the cells found
in the effluent were a result of detachment, not planktonic growth. The experi-
ments were conducted for 7 days.

Reactor sterilization. The reactor system was autoclaved at 121°C for 30 min.
The sterility of the reactor system was confirmed by sampling the effluent prior
to inoculation and plating 0.1 ml on LB agar.

Microscopy and image analysis. Observations of biofilm development in situ
were made by using a camera (COHU 4910 series monochrome charge-coupled
device) mounted on an Olympus BH2 microscope. Effluent was examined with a
Nikon (Eclipse E800) epifluorescence microscope on which a camera was
mounted and with a Leica TCSNT confocal microscope. Images were processed
by using the Scion Image software and a DigitalScion VG-5 PCI framestore
board (Scion Corporation).

Biofilm surface area coverage and thickness measurement. Digital gray-scale
images from three independent experiments were captured daily by using a X20
objective. Means and standard deviations for surface area coverage were calcu-
lated by using five random locations. Biofilm thickness was measured by using
stage movement and focusing on the inner wall of the flow cell through to the
bulk fluid side of the biofilm. Notches on the focusing dial were calibrated, which
provided a conversion factor of 1.36 for determining the thickness in microme-
ters.

Collection and analysis of effluent samples. (i) Enumeration of cells in the
effluent by VCC. Effluent samples (0.5 ml) were serially diluted in 0.25X Ringer’s
solution (Oxoid Ltd., Basingstoke, Hampshire, England), and the cell counts
were determined by the drop plate method. The dilutions were plated onto LB
agar plates which were incubated for 16 h at 37°C. The viable cell counting
(VCC) results are reported below as means * standard deviations for three
independent experiments. Enumeration of JP1 was also performed on LB agar
with tetracycline (500 pg/ml) to confirm the integrity of the mutant.

(ii) Enumeration of cells in the effluent by microscope analysis. The total cell
count (TCC) was based on microscopic examination of a membrane surface after
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an effluent sample had been filtered (see below). The TCC results are reported
below as means = standard deviations for three independent experiments.

(iii) Sampling for detached clump size analyses. The number and size distri-
bution of detached cell clumps were assessed for effluent samples that were
collected daily on ice for 30 min. To prevent physical disruption of the clumps,
large-aperture pipette tips were used to handle the samples. One milliliter of a
1:100 dilution of the effluent was stained with LIVE/DEAD stain (BacLight
bacterial viability kit; Molecular Probes, Eugene, Oreg.) for 15 min and vacuum
filtered onto a black polycarbonate membrane with a 0.22-wm pore size. Fifty
images, each with a field area of 5,903 pum?, were captured by using WinView
software (Roper Scientific, Inc.) and a Nikon epifluorescence microscope with a
X100 oil immersion objective.

(iv) Counting and determining the sizes of detached particles. Since confocal
imaging showed that the clumps flattened out on the filter membrane, we could
relate the clump area to the number of cells within an individual clump (16). A
1-mm graticule with 10-wm divisions (reference no. CS990; Graticules, Ton-
bridge, Kent, United Kingdom) was used for converting pixels to microns. The
pixel area of each event was calculated automatically by the Scion Image soft-
ware. The event areas were used in the probability distribution analysis (see
below).

The results of the statistical analysis of area per event were converted into a
more relevant size measurement, number of bacterial cells per event. For each
experiment, a calibration sample was used to associate the area covered by each
individual clump with the corresponding number of bacteria in the clump as
determined by manual counting from a digital image of the clump. The median
areas of single cells on the filters were 0.71 wm? (£0.03 pm?; n = 157 cells) for
PAOL1 and 0.97 wm? (£0.06 pum?; n = 120 cells) for JP1. For clumps (cells plus
the exopolymeric slime matrix) containing two or more cells, the median area per
cell for PAO1 was 1.21 pm? (standard error, 0.12 um?; n = 37 events); the largest
clump in the calibration sample contained 388 cells. For JP1, the median area
was 0.86 wm?/cell (standard error, 0.04 um? n = 77 events), and the largest
clump in the calibration sample contained 149 cells. Microscopic examination
suggested that the larger area per cell for PAO1 occurred because the cells
produced more voluminous exopolymeric slime, which resulted in the cells being
spread further apart when a clump was flattened on a filter (data not shown).
These areas were used to convert from the area to a corresponding number of
cells per detachment event.

Statistical analysis. Since preliminary results showed that large detachment
events occurred infrequently and the observed sizes for large events were irreg-
ularly spaced, we decided to utilize the three-parameter Pareto probability dis-
tribution (8): Prob{Y>y} = [1 + (v — ¢)/a]™®, where y > c; a, b, and ¢ are
empirical constants; Y is the clump size (expressed as area) of a random detach-
ment event; y is a specified clump size; and Prob {Y>y} is the probability that the
random variable Y is at least as large as the specified y.

The estimation method amounted to finding the numerical values of a, b, and
¢ so that the corresponding Pareto model was as close to the observations as
possible, where closeness was quantitatively measured by the Anderson-Darling
discrepancy measure (2, 3). The parameter values were found by using a com-
puter program that was written in the statistical programming language R (freely
available from the Comprehensive R Archive Network at http://cran.r-project
.org/). Our R language computer programs are available on the worldwide web
at http://www.erc.montana.edu/Res-Lib99-SW/Downloads/default.htm.

The model was fit separately for each sample for each experiment. Then for
each bacterial strain the three estimated models were pooled in one overall
model for that strain. The main result of the analysis was the fitted Pareto model,
converted to a rate as described below.

Our goal of estimating the probability of large detachment events was com-
plicated by the fact that the bulk of the observed events were small, consisting of
only one or two cells. We found that the many small detachment events (single
cells and small clumps) had a profound influence on the probability prediction of
the Pareto model for large events. For this reason, we used only those observed
areas that correspond to three or more cells when we fit the model. The analysis
properly accounted for the large number of small events (one or two cells), but
we did not try to fit the shape of the probability distribution to those small events.
The formula which we used for calculating the Anderson-Darling discrepancy
estimate from large events (three or more cells) was derived by Daly (3).

R(v) is the rate at which events containing at least v bacterial cells per square
millimeter per minute occur. Calculation of R(v) requires the conversion factor
(CF) that adjusts the total number of events in the observed fields on the filter
(N) to account for the reactor, sampling conditions, and dilution, as follows:
CF = (Ajper X Q X DF)/(VF X Agq X number of fields X A,.,.or), Where
Agyer i8 the area of the filter (in square millimeters), Q is the volumetric flow rate
(in milliliters per minute), DF is the dilution factor, VF is the volume of diluted
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FIG. 2. Dynamics of PAO1 (A, B, and C) and JP1 (D, E, and F)
biofilm development. Surface area coverage (A and D), thickness (B
and E), and effluent cell concentrations in terms of total cell counts
and viable cell counts (C and F) were determined. The error bars
indicate one standard deviation.

effluent that was filtered (in milliliters), Ag.q is the field area (in square milli-
meters), number of fields is the number of microscopic fields sampled on the
filter, and A (o 1S the growth area in the entire reactor (in square millimeters).
The product of N X CF was the total number of detachment events per minute
per square millimeter. If y, 1, is the area that corresponds to v-[1/2] cells, then
the rate was as follows: R(v) = N X CF X Prob{Y>y, y/5}. For each experiment,
we obtained estimates of the rates of occurrence of events for sizes of at least 10,
100, and 1,000 cells [R(10), R(100), and R(1,000), respectively].

RESULTS

Biofilm dynamics. Both PAO1 and JP1 formed homoge-
neous biofilms, and attachment was evenly distributed for both
strains. The surface area coverage for the PAO1 biofilm after
1 day was 61% = 42% (mean * standard deviation). By day 5,
the flow cell was 100% covered (Fig. 2A) and the biofilm had
reached a steady state. The mean thickness of the PAOL1 bio-
film was 9.5 = 3.8 wm on day 1, and it increased to 28.9 *
30.1 wm by day 7 (Fig. 2B). A trend in biofilm roughness was
indicated by the increasing standard deviation of thickness with
time. The surface area coverage for the JP1 biofilm after 1 day
was 43% * 51% and remained relatively steady throughout the
7-day period; the maximum coverage was 65% * 39% (Fig.
2D). The mean biofilm thickness for the JP1 biofilm was
19.4 = 16.1 pm after 1 day, and it increased to 29.2 = 42.3 pm
after 7 days (Fig. 2E). The JP1 biofilm also exhibited increasing
roughness with time. Digital time-lapse microscopic imaging
showed relatively flat biofilms with little variety in morphol-
ogy (Fig. 3), although larger aggregates occasionally de-
tached and large sections sometimes peeled or sloughed off
the surface.

Viable and total cell counts in effluent. The time trends for
TCC and the ratio of VCC to TCC were similar for PAO1 and
JP1 (Fig. 2C and F). The total cell counts in the effluents from
PAO1 and JP1 biofilms showed average detached cell rates
of 3.02 X 10* and 1.01 X 10* cells min~' mm ™2, respectively.
Most of the detached cells were viable (94% for PAO1 and
83% for JP1). For both strains, the TCC and VCC remained
relatively constant from day 3 to day 7. Statistical analysis of
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the log-transformed counts showed that there was no statistical
difference between the strains or between TCC and VCC (P =
0.16, as determined by an F test). The counts on day 1 had a
significantly lower mean (P < 0.04, as determined by a Bon-
feronni test) than the counts on days 3 to 7, which were not
different from each other (P = 1.0, as determined by a Bon-
feronni test).

Detached clump sizes. The detachment analysis treated the
data from days 3 to 7 as three independent samples from a
steady-state biofilm. The rates for detachment events were
5.14 X 10* events min~' mm~2 for PAO1 and 2.42 X 10*
events min~' mm~ 2 for JP1. The detached biomass collected
on the filters showed a wide range of sizes, from single cells to
large clumps containing more than 1,000 cells (Fig. 4). The
importance of large detachment events was evaluated in two
ways, relative to the total number of detachment events and
relative to the total number of detached cells. Both measures
are shown in Fig. 5. Most of the events involved one or two
cells. For both strains, at least 70% of the events were single-
cell events and at least 9% of the events involved two cells.
Relative to the total number of cells in the effluent, however,
the large events made a substantial contribution. Clumps con-
taining more than 100 cells constituted less than 0.28% of all
detachment events but accounted for as much as 37% of all
detached cells for the PAO1 biofilms and as much as 49% of all
detached cells for the JP1 biofilms. Clumps containing more

Crie a8 o) 73N )
FIG. 3. Structure of P. aeruginosa PAO1 biofilm on day 6 (A) and
JP1 biofilm on day 4 (B). Both biofilms were relatively flat and con-

sisted of small mounds (white arrows) and areas of exposed substratum
(black arrows). Scale bar = 10 wm.
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FIG. 4. Filtered diluted (1:100) effluent from PAO1 (A) and JP1
(B) biofilms showing single cells and clumps of cells. Samples were
stained with a Molecular Probes LIVE/DEAD Kkit.

than 1,000 cells constituted less than 0.04% of all detachment
events but accounted for as much as 12% of all detached cells
for the PAO1 biofilms and as much as 36% of all detached cells
for the JP1 biofilms.
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TABLE 1. Rate at which large biofilm detachment events
occurred for each of the P. aeruginosa strains

No. of events mm ™2 min~ ¢

Strain

v =10 v =100 v = 1,000
PAO1 503.0 = 183.7 61.51 = 21.11 10.173 + 3.551
JP1 437.8 = 183.7 46.48 = 21.11 7.782 + 3.551

“ R(v) was averaged across three experiments and three samples within each
experiment. The values are means = standard errors.

Rate of large detachment events. The rate based on a Pareto
model fit was estimated separately for each sample. Table 1
shows the means of the rates forv = 10, v = 100, and v = 1,000
for each species. Each mean is the average of nine rates,
corresponding to three sampling times for each of three ex-
periments. The analysis of variance F tests showed that the
PAO1 and JP1 mean rates were not statistically significantly
different (P = 0.81 for v = 10; P = 0.64 for v = 100; and P =
0.65 for v = 1,000).

Table 2 shows the analysis of variance results pertaining to
the variability of R(v) values. The repeatability standard devi-
ation, which is the typical distance between the R(v) estimate
for a single sample in a single experiment and the mean R(v)
for many experiments and samples, was approximately the
same as the associated mean shown in Table 1. The within-
experiment sources of variability contributed more to the total
variance than the between-experiment sources contributed.
These results indicate that workers should collect multiple
samples in each experiment and perform multiple experiments
in order to average the variability and arrive at a reliable rate
estimate.
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FIG. 5. Clump size frequency distribution for biofilm detachment events, expressed as percentages of detachment events (solid line) and
detached cells (dashed line). The percentages were averaged for triplicate experiments for each sample time for each strain.
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TABLE 2. Analysis of variance®

Result at:
Parameter
v =10 v =100 v = 1,000
Repeatability standard deviation of 394.5 53.47 10.65
R(v) estimates
Within-experiment variability (%) 52 80 100
Between-experiment variability (%) 48 20 0

“ These results apply to both the PAO1 and JP1 biofilms. Results show the
repeatability standard deviation for the estimates of R (v) based on the Pareto
statistical model and the relative contributions of within- and between-experi-
ment variances to the variability of R (v) estimates, where v indicates the mini-
mum number of cells in the detachment event.

Figure 6 shows a goodness-of-fit evaluation that was typical
of the 18 samples to which the Pareto model was fit. The
Pareto model prediction for the percentage of events in each
size class was very close to the observed percentage (Fig. 6a),
and the prediction for the percentage of detached cells attrib-
utable to a size class was reasonably close to the observed
percentage, although the sporadic occurrence of large events
produced highly variable observations (Fig. 6b).

Analyzing the samples separately provided an assessment of
the repeatability of the results, the components of variability,
and a statistical comparison of the strains. However, to arrive
at the best rate estimate for each strain, all the samples for a
strain were statistically pooled, and one Pareto model was
fit. The resulting overall rate estimate for PAO1 was R(v) =

100: @) F

Percent of Total Events

Percent of Total Cells

Number of Cells in Event

FIG. 6. Typical goodness-of-fit plot, showing how closely the model
(dashed line) matched the observed clump size distribution (solid line).
The abscissa was constructed so that the large event size classes are a
constant width on a log scale. (a) Distribution expressed as a percent-
age of all events. The solid line overlays the dashed line, showing an
excellent fit. The model is extrapolated to one size class beyond the
largest observed clump. (b) Distribution expressed as a percentage of
all detached cells. For large size classes, the observations fluctuate
around the smooth model because the large events were more statis-
tically variable than the smaller events.
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FIG. 7. Estimated rate at which clumps of v or more cells detached
from the biofilm (number of events per square millimeter per minute).
The estimate was based on a fit of the Pareto probability distribution
to the data. The rates for the two strains were not statistically signifi-
cantly different at v = 10, v = 100, and v = 1,000 (P > 0.6).

5.14247 x 10* X [1 + (v + 5.287)/0.124]"°* and for JP1 it
was R(v) = 2.42166 X 10* X [1 + (v + 0.960)/0.123] %,
Figure 7 shows a log-log plot of R(v) versus v for PAO1 and
JP1 for v = 3. The PAO1 overall model yielded R(v) estimates
of 345.5, 46.98, and 4.524 for v = 10, v = 100, and v = 1,000,
respectively. The corresponding R(v) estimates based on the
JP1 overall model were 321.3, 38.47, and 4.256, respectively.

DISCUSSION

This study of biofilm detachment events led to a model for
predicting the rate at which a detachment event of a certain
size may occur in a defined system. The PAO1 and JP1 strain
biofilms expressed similar growth dynamics, as well as similar
detached clump size distributions, indicating that the lasl-lasR
cell signaling system did not play a significant role in growth,
structure, or detachment. Similar observations for the role of
cell signaling in biofilm development have been reported pre-
viously (12). The biofilms of both strains were relatively flat,
and the thickness increased over time, reaching approximately
30 wm by day 7.

A large fraction of the bacteria released from a biofilm was
attributable to multicell detachment events. In PAOI, the es-
timated rate of occurrence of events involving more than 1,000
cells was 4.524 events per mm? of biofilm-covered surface per
min, which is equivalent to 6,515 such large events per mm?
over a 24-h period.

In a previous study it was shown that detached clumps from
S. aureus biofilms tolerated oxacillin exposure to an extent
similar to the extent observed in attached biofilms (6). Cell
survival was attributed to nutrient-limited induced dormancy
of cells within the clumps. This general mechanism suggests
that the reduced susceptibility of detached biofilm clumps is
not species specific. In addition, detached biofilm clumps may
be more infective than single cells. For example, animal studies
of pulmonary injury due to Legionella pneumophila showed
that challenge with single cells required 100 to 1,000 times
more bacteria to induce the same detrimental effects as chal-
lenge with artificial biofilm clumps (20).

Although 20 to 40% of all detached cells were in clumps
consisting of 300 or more cells, single cells represented the
most frequent detachment size. Interestingly, this contrasts
with S. aureus biofilms, in which clumps containing 11 to 100
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cells were the most frequent (6). It is likely that biofilms
formed from different species have different detachment pat-
terns and consequently different modes of dissemination.

Many observed detachment events are required to provide
statistically reliable estimates of the rates at which large de-
tachment events occur. To obtain a sufficient number of events,
we found that our method of filtering effluent samples and
using image analysis to measure the size of each event was
relatively time-consuming. In the future we hope to automate
particle size measurements so that a larger number of particles
can be observed in each sample.

The rate at which detached biofilm clumps occur is useful
information for both risk assessment and the mathematical
derivation of optimal management strategies for indwelling
devices in medicine. The modeling and analysis strategies
which we have developed to quantify biofilm detachment rates
could be employed for such assessments. These methods can
also be used to quantify the effects on detachment patterns due
to either biological factors, such as genetic modifications, or
environmental factors, such as nutrients and fluid shear.
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