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Biofilm cells differ phenotypically from their free-floating counterparts. Differential growth rates in biofilms
are often referred to, particularly in response to limited diffusion of oxygen and nutrients. We observed growth
rates of attached Pseudomonas sp. strain CT07 cells that were notably higher than the maximum specific growth
rate measured in batch culture. Despite dilution rates in continuous flow cells that exceeded the maximum
planktonic specific growth rate by 58 times, sampling of the effluent revealed >10° cells ml™', suggesting that
biofilms function as a source of planktonic cells through high cell yield and detachment. Further investigation
demonstrated considerable planktonic cell yield from biofilms as young as 6 h, indicating that detachment is
not limited to established biofilms. These biofilm-detached cells were more sensitive to a commercial biocide
than associated biofilm- and chemostat-cultivated populations, implying that detached biofilm cells exhibit a
character that is distinct from that of attached and planktonic cell populations.

In a minireview published in 1994, Costerton and coauthors
asked, “What are the essential differences between a plank-
tonic cell growing in the conventional batch culture and a cell
of the same species growing in a natural multispecies biofilm?”
(10). The inherent sessile and structurally heterogeneous char-
acter of natural biofilms come to mind, where bacteria and
extracellular polymeric substances (EPS) are assembled into
microcolonies interspersed with water-filled channels (9, 22).
This sessile mode of growth generally allows greater numbers
of bacteria to coexist than free-floating bacterial populations in
bulk-liquid systems (13).

The metabolic activity of biofilms is theoretically controlled
by environmental conditions at the surface and the expression
of specific genes induced by adhesion. Investigations into the
genetic basis of biofilm formation and development revealed
several genes that are involved in biofilm formation (25). For
example, genes encoding for flagella, type I and type IV pili,
surface adhesins, homoserine lactones, and several others have
been identified as being involved in the formation of biofilms
under various environmental conditions (11, 26).

While numerous studies have investigated the changes in
gene expression when microbes attach to surfaces, the process
of detachment has received little attention and therefore af-
fords an opportunity for future research (24). The traditional
model of biofilm formation proposes development in discrete
steps. These involve formation of a conditioning film, transport
of microbes to the surface, and reversible initial adhesion
through nonspecific van der Waals forces, followed by irrevers-
ible attachment and the production of EPS (8). However, once
surface colonization has taken place, detachment of adherent
cells is necessary to minimize starvation due to increasing num-
bers of cells at the surface and to allow colonization of new
surfaces (1).
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While it is thought that a lack of internal cohesive forces or
unfavorable environmental conditions (i.e., high shear force)
may result in the detachment of parts of the biofilm, the pos-
sible involvement of genetic determinants in the detachment
process of individual cells has only recently been addressed.
The active detachment of cells from biofilms can be mediated
through the expression of extracellular enzymes that target the
exopolysaccharide component of the biofilm matrix, as was
shown when alginate lyase was expressed in alginate-producing
Pseudomonas aeruginosa biofilms (6). The activity of an
N-acetylglucosamonidase (dispersin B) produced by Actinoba-
cillus actinomycetemcomitans was recently demonstrated against a
component of the Staphylococcus epidermidis biofilm matrix.
Enzymatic activity not only resulted in the detachment of ex-
isting S. epidermidis biofilms but also prevented initial coloni-
zation (17). Gilbert et al. noted that since changes in bacterial
physiology occur after contact with a surface, one could argue
that an alteration in the properties of an attached bacterium
could result in detachment (14). Biofilm-detached Escherichia
coli cells were found to be significantly more hydrophilic than
the attached population, which Allison et al. suggested could
reflect the involvement of the cell division cycle in detachment
from biofilms (1).

Recent work by Sauer et al. showed that biofilm develop-
ment by Pseudomonas aeruginosa proceeds through five phys-
iologically distinct phases, the last phase involving the detach-
ment of adherent bacteria. They observed motile cells exiting
from within attached cell clusters, leaving behind a hollow shell
of nonmotile cells embedded in an EPS matrix. Whole-cell
protein profiles indicated that detached cells were more closely
related to planktonic cells than mature biofilm cells. The au-
thors suggested that these detached bacteria are in transition
from an attached to a planktonic phenotype (28).

The contention that detachment is a discrete step in the
process of biofilm development was further supported by
the observations of Kaplan et al. (18). They reported that the
detachment of nonmotile A. actinomycetemcomitans from a
biofilm is dependent on the synthesis of a lipopolysaccharide
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component, O-polysaccharide. While the attachment and de-
velopment of the biofilm was not disrupted when the gene for
O-polysaccharide was interrupted, the detachment of single
cells and/or small clusters from the biofilm was abolished (18).
These results generally did not mention the age of the de-
tached cells, although it is clear from the discussions that these
cells were previously immobilized in the biofilm.

Continuous flow cells have found wide application to study
biofilms. The associated planktonic populations in flow cell
effluent have received comparatively little attention. In our
studies, we observed cell numbers in flow cell effluent that
could not be attributed solely to planktonic growth in the flow
cell chambers under prevailing conditions of high dilution.
This led us to hypothesize that, in contrast to the general
assumption that attached cells replicate at lower rates than
planktonic populations, biofilms indeed maintain high growth
rates with concomitant yield of cells to the planktonic phase.
We therefore conducted a series of experiments to directly and
indirectly ascertain growth rates in biofilms. This was followed
by studies applying viability and culturability determinations to
compare biofilm-detached cells with biofilm and planktonically
grown cells when challenged with an antimicrobial substance.

MATERIALS AND METHODS

Bacterial strain and cultivation. A pseudomonad strain was isolated from
industrial cooling water. Sequencing in both directions to completion of the 16S
rDNA of the isolate revealed a 99% nucleotide identity (1,489 bp/1,495 bp) to
Pseudomonas sp. strain AEBL3 (AY 247063) using the gapped-BLAST program
at the National Center for Biotechnology Information (http:/www.ncbi.nlm.nih
.gov/BLASTY/) (2). This strain, designated Pseudomonas sp. strain CT07, had a
maximum planktonic specific growth rate (Rmax pranktonic) f 0.62 h™" in batch
culture. Freeze cultures were made in 40% glycerol and kept at —80°C. Culti-
vation for all subsequent biofilm and planktonic studies was done at room
temperature (22 = 1°C) on 3 g liter ! tryptone soy broth (TSB) and 3 g liter ™!
tryptone soy agar plates, respectively, unless stated otherwise.

Biofilm development and planktonic cell yield. Perspex flow cells (32) covered
with glass coverslips (no. 1 thickness, 75 mm by 50 mm) were used to cultivate
biofilms. Each flow cell contained eight recessed flow chambers with the dimen-
sions 31 mm by 4.0 mm by 2.2 mm. Effluent silicone tubes with an inner diameter
of 1 mm and either 10 or 150 mm in length were used. The total available
attachment area (Plexiglas flow chamber plus glass coverslip plus 10- or 150-mm
silicone tubing) was thus 500 or 1,400 mm?. The flow chambers were sterilized
with 3.5% (vol/vol) sodium hypochlorite for 20 min and rinsed with sterile growth
medium for a minimum of 20 min prior to inoculation. A flow rate of 14.5 ml h™!
was maintained with a Watson Marlow 205S multichannel peristaltic pump. This
flow rate resulted in a dilution rate in the flow cell chamber of 53 h~! and a shear
rate of 1.24 s,

Duplicate flow chambers were inoculated with Pseudomonas sp. strain CT07
with the pump turned off, and flow resumed after 30 min. After an additional
12 h, a Nikon Eclipse E400 microscope at 600-fold magnification and a COHU
high-performance charge-coupled device camera (model 4912-5010/0000) were
used to record biofilm development at 30-min intervals. Isolated attached cells or
small microcolonies were selected at random and the time of first measurement
recorded as time zero. The initial growth rate of attached cells at the substratum
(i.e., planktonic cell attachment, growth, and cell division) and subsequent mi-
crocolony formation could be assessed with this approach. The variation in
biofilm biomass over extended periods of time was measured photometrically in
an adapted parallel plate flow cell. For this, a large-area photometer (S. Saftic,
July 2003, German patent 19947651) was used to quantify the accumulation of
biomass at the inner surfaces of the flow cell with an internal volume of 12 ml.
The optical large-area photometer measures visible light scattered by small
particles that are distributed across a rectangular plane of comparatively large
size. The data were captured and analyzed over a 6-day period using LabView-
based software (27).

The number of biofilm-detached cells (i.e., planktonic cell yield) was deter-
mined from the flow channel effluent using conventional plate counts. The effect
of nutrient type and concentration on planktonic cell yield was evaluated in a
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FIG. 1. (A) Growth rate of Pseudomonas sp. strain CT07 in batch
culture (A) compared to the rate of attachment and growth typically
observed on a glass surface (m) during the early stages of biofilm
formation. After inoculation and a 30-min period without flow, flow
was resumed for 12 h, after which the accumulation at the glass surface
was quantified at 30-min intervals (time zero and onward on the x axis).
(B) Numbers of culturable biofilm-detached cells in the effluent of flow
cells with total attachment areas of 500 (CJ) and 1,400 (m) mm?,
respectively. (C) Effect of carbon source and nutrient type on the
number of culturable biofilm-detached cells in the effluent associated
with 3-day-old biofilms. MSS, minimal salt solution.

parallel study. This involved the substitution of 3.0 g liter ! TSB with 0.03 and
0.3 g liter ! TSB, as well as a minimal salt solution with either 0.1 or 1.0 g liter
glucose. For the present study, we conducted a single series of experiments to
determine whether our observations using a rich nutrient at relatively high
concentration (i.e., 3.0 g liter ' TSB) was representative of a variety of nutrient
conditions.

Cultivation of planktonic populations. Planktonic populations were cultivated
either in 50-ml batch cultures or an aerated chemostat with a total volume of 200
ml. The chemostat was inoculated with 1 ml of an overnight culture and incu-
bated for 12 h with continuous stirring and aeration before introduction of sterile
growth medium at a dilution rate of either 0.3 or 0.5 h™'. The batch flasks were
inoculated with overnight cultures and incubated with moderate shaking.

Biocide sensitivity. A stock solution of a commercial biocide consisting of
glutaraldehyde (12%) and a blend of isothiazolones (4%) was used to compare
biofilm-detached cells with associated biofilm- and chemostat-cultivated popu-
lations. The biocide was applied at a dilution of 1:100 in TSB (3.0 g liter ! TSB)
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FIG. 2. Attachment and biofilm accumulation by Pseudomonas sp. strain CT07 at a Plexiglas surface over a period of 70 h. This plot shows the

average of the two replicate experiments.

for 5 h. This concentration was determined empirically and reduced the viability
of planktonic cultures of Pseudomonas sp. strain CT07 by 90% when grown in a
rich growth medium (3.0 g liter ™! TSB). The BacLight Live/Dead bacterial
viability probe (Molecular Probes, Invitrogen), in combination with epifluores-
cence microscopy and appropriate excitation/barrier filter sets, was used for
viability determinations. Images (n = 30) were analyzed with Scionlmage soft-
ware (Scion Corporation). The total percentage area of the microscope field
covered by viable or nonviable bacteria was determined using manually entered
threshold values, and the viable cell numbers were expressed as a percentage of
all the cells present in each field (21). Conventional plate counts with 3.0 g liter
TSA were used to determine culturable cell numbers.

Biofilms and biofilm-derived planktonic cells. Two-day-old biofilms (n = 4)
were treated with the biocide, and the viability of biofilms, as well as the viability
and culturability of the biofilm-derived cells, was determined for the treated and
untreated flow chambers. An estimation of the amount of attached and biofilm-
derived biomass before and after treatment could also be made with image
analysis of BacLight-stained samples.

Chemostat populations. Replicate (n = 4) chemostats were maintained with
continuous stirring and aeration at a dilution rate of either 0.3 or 0.5 h™'. After
2 days, the biocide was added to the inflowing growth medium for a period of 5 h.
Samples were collected before and after biocide treatment for viability and
culturability determinations.

Statistical analyses were performed to determine whether the difference in
decreased percentage viability among the three populations was statistically
significant. The arc sine square root transformation was used to normalize the
percentage of data using the difference in viability before and after biocide
treatment. Single-factor analysis of variance and paired ¢ tests were performed,
and a 95% confidence level was specified.

RESULTS

Biofilm formation rate and planktonic cell yield. A primary
objective of this study was to evaluate the growth of adherent cells
and subsequent planktonic cell yield to the bulk liquid phase.
Therefore, to minimize the impact of planktonic growth on the
cell numbers in flow cell effluent, the dilution rate in the flow cells
was maintained at 58 times the P, pranktonic (0-62 h™1.

The rate of Pseudomonas sp. strain CT07 biofilm develop-
ment during the early stages is shown in Fig. 1A. The increase
in cell numbers at the glass attachment surface was determined
until three-dimensional microcolony formation prevented ac-
curate enumeration. Based on these counts, the initial biofilm
growth rate (i.e., attachment and detachment, as well as growth
and cell division of attached cells) was calculated as 1.2 h™*,
which is notably higher than the specific planktonic growth rate
(0.62 h™*) calculated in batch cultures. Figure 1B shows the
numbers of culturable cells in the flow cell effluent. The effect

of nutrient type and concentration on the number of culturable
biofilm-detached cells is shown in Fig. 1C.

It was possible to record biofilm accumulation beyond the
development of a monolayer by using a large-area photometer
(Fig. 2). Data obtained by both direct microscopic quantifica-
tion of sessile cells (Fig. 1A) and indirect photometrical quan-
tification of three-dimensional biofilm formation with the pho-
tometer (Fig. 2) showed an exponential increase in biomass.
Direct observations commenced 12.5 h after the inoculation of
the flow cells (Fig. 1A) (time zero) because notable growth
occurred only after this time. Indirect monitoring showed an
initial decrease in biomass in the flow cell as the unattached
inoculum washed out (Fig. 2). This was followed by a phase of
no increase that lasted approximately 15 h and a rapid increase
in biofilm biomass over the ensuing 33 h. This approach pro-
vided evidence that the initial establishment and subsequent
biofilm development spanned 48 h. This was followed by a
relatively stable maintenance of the biofilm biomass, with vari-
ation presumably due to the detachment of parts of the biofilm
and regrowth to the original thickness.

Figure 2 shows a typical profile of biofilm development ob-
tained under identical experimental conditions, indicating the
variability in behavior of microbes at surfaces, even when
grown in pure culture. Lewandowski et al. reported that, de-
spite efforts to follow precise methodology, the cultivation of
structurally comparable biofilms over long periods was gener-
ally not successful. They observed that duplicate biofilms ex-
hibited similar structures only until the first sloughing of the
biofilm occurred, after which the pattern of biofilm formation
varied (23).

Since the dilution rate applied to the flow cells was much
greater than the maximum specific planktonic growth rate, it
was assumed that the bacterial cells in the flow cell effluent
were predominantly released from the biofilm. Despite the
high dilution rate, the number of cells in the effluent that
detached from steady-state (=48 h) biofilms often exceeded
10® ml~!, suggesting a high yield of cells to the bulk-liquid
phase. Indeed, there was a notable number of cells in the flow
cell effluent after only 6 h of biofilm growth (Fig. 1B). This
raised the question whether the biofilm-detached cells exhib-
ited a biofilm character. If indeed so, it may contribute to our
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FIG. 3. (A) Viability of control ((J) and biocide-treated (m) cells as
determined with BacLight viability staining. There was a significant
difference between the sensitivity (percent reduction in viable num-
bers) of sessile and biofilm-detached cells and sessile and planktoni-
cally grown (chemostat) populations. (B) Culturability of control ((J)
and biocide-treated (m) cells. The cells derived from biofilms were
more sensitive than chemostat-derived cells; the effect on viability was
similar to that shown in panel A (D; dilution rate). (C) Percent area
coverage by biofilms and released biofilm biomass before ([J) and after
(m) biocide treatment. To determine the extent of detached biofilm
biomass, flow cell effluent was stained with BacLight and a standard-
ized volume was immobilized on filters, followed by measuring the area
coverage using image analysis. The difference in percent reduction in
area coverage between the attached and flow cell effluent cells was
significant (P = 0.026).

understanding of the variable response of microbes to environ-
mental perturbations. We used sensitivity to an antimicrobial
compound to investigate this question.

Response of biofilm, biofilm-detached, and planktonic cells
to biocide treatment. Comparison of the effect of the biocide
on the viability of chemostat-grown and biofilm cells suggested

PLANKTONIC-CELL YIELD OF BIOFILMS 7795

that the biofilm population was more resistant to the antimi-
crobial compound (Fig. 3A). Analysis of variance indicated a
significant difference between the reduction in percent viability
among the biofilm, chemostat, and biofilm-detached popula-
tions (P = 0.004; df between groups = 2, df within groups = 9).
Paired ¢ tests revealed a statistically significant difference be-
tween the biofilm and chemostat (P = 0.049; df = 3) and the
biofilm and biofilm-detached populations (P = 0.018; df = 3).
No statistically significant difference in viability was indicated
between the chemostat and biofilm-detached populations (P =
0.246; df = 3). However, Fig. 3B shows that while the cultur-
able number of cells in the chemostat with dilution rates of 0.3
h™! and 0.5 h™* decreased from 1.2 X 10° to 6.6 X 10* ml~!
and 1.4 X 10° to 1.4 X 10° ml™*, respectively, no biofilm-
detached cells could be cultivated from the flow cell effluent
following biocide treatment.

While the amount of biofilm biomass at the surface was
not significantly affected by the biocide, the number of bio-
film-detached cells yielded into the effluent declined sub-
stantially (Fig. 3C). When determining the difference in the
responses to biocide treatment between the biofilm and
biofilm-derived cells, it was found to be statistically signifi-
cant (P = 0.026; df between groups = 1, df within groups =
6). These results suggest that the outer regions of biofilms
are responsible mainly for the yield of planktonic cells to the
effluent at high dilution rates. This implies that the cells at
the biofilm-liquid interface maintain a high growth rate, as
suggested by others.

The observed trend in the loss of culturability of cells in
the flow cell effluent corroborated the reduction in viability
as determined with the BacLight probe, but the difference in
the percentages of decrease was a cause for concern. We
further evaluated this by determining the ability of biofilm-
derived planktonic cells to grow in liquid cultures containing
a range of nutrient concentrations (0.3, 3.0 and 30 g liter '
TSB) after incubation with the biocide by using the three-
tube most-probable-number (MPN) technique. Further-
more, untreated and treated biofilms were removed from
glass surfaces and the surviving culturable cell numbers (us-
ing plate counts) and the percent viability (using BacLight)
were determined. No regrowth was observed for any of the
liquid-based MPN cultures, while a small decrease was
noted in the viability of physically removed biofilm cells
compared to that of cultured cells. This corroborates results
obtained for the chemostat samples (data not shown) which
strongly suggest that the biofilm-derived cells were indeed
more susceptible to antimicrobial treatment.

Differential susceptibility to antimicrobial treatment in bio-
films will then likely be correlated to growth rate. It was there-
fore necessary to assess whether growth phase and, by infer-
ence, metabolic activity influenced the survival of our test
strain when challenged with the antimicrobial agent. This was
done in batch cultures, where it was found that no bacteria
could be cultured from the lag and early exponential phase
after incubation with the biocide. In contrast, ~1.1 X 10? and
2.3 X 10> ml™! cells survived treatment during the late expo-
nential and stationary phases, respectively. Comparable data
were obtained with BacLight.
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DISCUSSION

Although reference is often made to differential growth
rates in biofilms, discussions in this regard are primarily fo-
cused on the slower growth associated with the biofilm pheno-
type. However, the data in Fig. 1A show that the growth rate of
Pseudomonas sp. strain CT07 during early biofilm formation is
notably higher than the maximum specific growth rate mea-
sured for planktonic cells in batch culture. A shorter genera-
tion time in biofilms than that of planktonic populations has
been reported elsewhere (15), although the opposite has also
been observed (5).

We were interested in determining whether the observed
initially high growth rates are maintained in older, multilay-
ered biofilms. A reasonable assumption is that once the cells
become entrapped in the biofilm matrix, their growth rates
decrease, or even cease, due to substrate and spatial limita-
tions, and subsequently, other properties, such as increased
resistance to outside disturbances, emerge. Higher growth
rates will thus be restricted to the outer regions of the biofilm.
Because of their fixed position, we could observe cells near the
attachment surface that, although not dividing, remained via-
ble over extended periods of time. The irregular and often
changing shape of the outer biofilm layers did not allow tem-
poral studies at the biofilm-liquid interface. The measured
biofilm-detached cell numbers in the flow cell effluent could
therefore serve as an indirect indicator of the growth rate in
the biofilms.

As stated previously, a dilution rate that greatly exceeded
the maximum planktonic growth rate was maintained in the
flow cells to minimize the contribution of planktonic growth to
the biofilm-detached cell numbers in the effluent. The flow cell
channels each had a volume of 0.27 ml, and the silicon effluent
tubes had a volume of 0.13 ml (total attachment area of 1,400
mm?). For comparison, shorter tubes that contributed 0.04 ml
to the total volume (total attachment area of 500 mm?) were
also included (Fig. 1B). However, to facilitate efficient routine
sampling and to minimize possible contamination of the flow
cell channels, the longer effluent tubes were used in routine
experimentation. When the internal volume of the flow cell
channels and longer silicone effluent tube were taken into
account, the dilution rate was 36.1 h™ !, which is 58 times
the w . Despite this high dilution rate, there were >10°
cells ml™ " in the effluent originating from biofilms older than
42 h (Fig. 1B), suggesting high rates of cell yield and detach-
ment from the biofilms. Indeed, this value translates in a cell
yield per attachment surface area of 1.14 X 10° cm 2 h~". In
comparison, the cell yield per attachment area in the chemo-
stat was 2.7 X 10%® cm~? h™ L. However, even if it is assumed
that biofilm growth occurred on the sides and bottom of the
chemostat flask at a dilution rate of 0.48 times the p,,ax prankonics
planktonic growth probably yielded the majority of cells in the
chemostat effluent.

The cell size of Pseudomonas sp. strain CT07 in biofilms was
typically 4 to 5 wm by 1 wm. Hypothetically, if the cells were
tightly packed in a monolayer (50% polarly attached and 50%
laterally), there would be 6.25 X 107 cells cm ™2 A doubling
time of 1.2 h™! would therefore result in a yield of 7.5 X 107
cells cm 2 h™ . The cell yield measured in the flow cells was
notably higher than this theoretical value, demonstrating the
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capacity of biofilms to serve as a planktonic “cell factory.” Our
experimental approach did not enable the measurement of cell
growth in multilayered biofilms; therefore, the nature of fac-
tors primarily responsible for the measured high yield of bio-
film-detached cells can only be speculated on. We hypothesize
that the outer biofilm layers in mature biofilms maintain the
high growth rate observed during the early stages and that this,
together with the increase in the area at the biofilm-liquid
interface resulting from the development of a three-dimen-
sional biofilm architecture, ensures a high yield of detached
cells. Indeed, analysis that would allow accurate measurement
of the surface area of the biofilm-liquid interface will most
probably demonstrate this contention and thus support our
hypothesis. Various factors such as nutrient flux, type of or-
ganism, shear, and predation will have an effect on this yield.
Furthermore, the presence of EPS may restrict the release of
cells into the planktonic phase. Our previous observations on
biofilm structure showed a degree of feedback in response to
the chemical environment (20, 32). In fact, this could be a
contributing mechanism determining the relative position of
the biofilm population on the r-K gradient (r strategists are
adapted to rapid reproduction, while K strategists are better
adapted to environmental limitations) (3, 4). Interestingly, bio-
films growing on 0.3 g liter " TSB (100-fold dilute) or a min-
imal salts solution plus 0.1 g liter ~* glucose still yielded 7 X 107
and 7.6 X 108 cells ml ™", respectively (Fig. 1C). Furthermore,
the effluent numbers obtained in this study are in the same
order as those that were reported earlier (19) when a mixed
community was cultivated in a similar flow cell system, indi-
cating that the measured high yield is not an isolated case.

An interesting observation made by Hendrickx et al. was
that most transformation events in an Acinetobacter sp. biofilm
took place near the substratum despite their demonstration of
increased competency among exponentially growing cells in
batch and young biofilms (16). It is possible that the lack of
observable transformation events in cell layers closer to the
bulk liquid was due to the continuous detachment of the
young, actively growing cells from the biofilm.

Figure 1B shows a notable number of biofilm-detached cells
in suspension even at the early stages (6 h) of biofilm forma-
tion, suggesting that our classical view that biofilms develop in
discrete steps, with detachment typically occurring after reach-
ing a (semi-) steady state, may need reevaluation. It is indeed
possible that detachment occurs whenever nutritional and
other environmental conditions allow cell growth and is not
solely related to biofilm age or stage. Cells are thus released
from the primary attachment surface during early biofilm for-
mation and from the biofilm-liquid interface after the devel-
opment of multilayered biofilms.

Work by Spoering and Lewis showed that P. aeruginosa
biofilms and planktonic cells in the stationary phase have sim-
ilar abilities to resist killing by antimicrobial agents. Indeed, in
their examination of the effects of four antimicrobial agents
with diverse modes of action, they found that stationary-phase
cells were moderately more resistant to killing than biofilm
bacteria. They attributed this ability to survive antimicrobial
treatment to slow growth and the presence of persister cells
(29). The varied responses of batch-grown Pseudomonas sp.
strain CTO07 to antimicrobial treatment in the different growth
phases also showed that actively dividing bacteria in the expo-
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nential growth phase were more susceptible to antimicrobial
treatment than cells in the stationary phase. By inference, a
rapidly dividing, metabolically active layer of the biofilm
should similarly be more sensitive to treatment with an anti-
microbial agent. The result of this would be cessation of cell
division and, consequently, a decline in the number of cells
yielded by the biofilm to the planktonic phase, as illustrated in
Fig. 3C. The presence of a highly metabolically active region
within biofilms has been documented previously in an investi-
gation into the spatial distribution of specific growth rates
within Klebsiella pneumoniae biofilms when acridine orange
was used to show that the outer 10- to 30-um layer of cells was
more active than those in the interior of the biofilm (31). A
higher ratio of RNA to DNA content, which correlates to a
high specific growth rate, was visualized in the layer closest to
the biofilm bulk-liquid interface, and this was attributed to
greater access to nutrients and oxygen.

The high yields of detached cells as reported here indicate
rapid growth by the cells positioned at the outer regions of the
biofilm, supporting the view that differential growth rates occur
in biofilms. The formation of an extensive multilayered archi-
tecture ensures that the outer regions of the biofilm are opti-
mally positioned to benefit from easy access to nutrients and
oxygen from the bulk fluid. In fact, the irregular surface of
biofilms was shown to increase the diffusion of oxygen into the
biofilm from the bulk liquid (12). The biofilm mode of growth
thus allows cells from the same microbial population to opti-
mize reproductive capacity (fast growers at the biofilm-liquid
interface) as well as the conservation of resources (slow grow-
ers in deeper regions), which is in contrast with the »-K scheme
of population selection. The latter assumes that populations
optimize either reproductive ability or resource conservation,
but not both (3, 4).

A question that needs to be addressed is whether these
recently released biofilm-derived planktonic cells maintain
their biofilm character. There has been considerable discussion
on the switch in gene expression that occurs when planktonic
cells attach to a surface, but comparatively little has been
mentioned in this regard when cells detach. It can be expected
that when older biofilm cells are released from the biofilm as a
result of shear, or other forces, these released cells should
exhibit a biofilm phenotype. However, Fig. 3A and B show that
the viability and culturability of biofilm-detached Pseudomonas
sp. strain CTO07 cells differ significantly from those of associ-
ated biofilm- and chemostat-grown populations when chal-
lenged with an antimicrobial agent. There is a wealth of liter-
ature suggesting that the biofilm mode of growth is more
resistant to killing by antimicrobial agents than the planktonic
phase (7, 30). In this study, attached cells also retained greater
viability after biocide treatment than that of the chemostat-
derived cells.

In conclusion, this study demonstrated that biofilms act as a
“cell factory” under conditions of high nutrient flux. It remains to
be confirmed whether these released cells exhibit a biofilm or
planktonic pattern of gene expression or whether a third pheno-
type exists. If the released cells exhibit a biofilm-related or a third
phenotype, it needs to be established how long this trait is re-
tained when the cells are subsequently restricted to a planktonic
existence. This phenomenon will be especially relevant in systems
with high dilution rates and large surface-to-volume ratios such as
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intertidal zones and shallow rivers in the natural environment, as
well as engineered systems such as water cooling plants, biofilm
reactors, and hydroponic installations.
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