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During the course of chronic cystic fibrosis (CF) infections, Pseudomonas aeruginosa undergoes a conversion
to a mucoid phenotype, which is characterized by overproduction of the exopolysaccharide alginate. Chronic
P. aeruginosa infections involve surface-attached, highly antibiotic-resistant communities of microorganisms
organized in biofilms. Although biofilm formation and the conversion to mucoidy are both important aspects
of CF pathogenesis, the relationship between them is at the present unclear. In this study, we report that the
overproduction of alginate affects biofilm development on an abiotic surface. Biofilms formed by an alginate-
overproducing strain exhibit a highly structured architecture and are significantly more resistant to the
antibiotic tobramycin than a biofilm formed by an isogenic nonmucoid strain. These results suggest that an
important consequence of the conversion to mucoidy is an altered biofilm architecture that shows increasing
resistance to antimicrobial treatments.

Cystic fibrosis (CF) is the most common inherited lethal
genetic disorder in Caucasian populations. Individuals suffer-
ing from CF harbor mutations in the cystic fibrosis transmem-
brane conductance regulator gene, resulting in multiorgan
malfunction (50). The most significant manifestation of the
disease is in the respiratory tract, which is predisposed to
chronic infection (16, 22, 26, 42, 47, 54). The CF patient
mounts a massive immune response, which fails to clear these
infections but causes a tremendous amount of tissue damage.
Ultimately, the patient succumbs to deteriorating lung function
caused by these infections and the resulting inflammation.

Infections by the opportunistic pathogen Pseudomonas
aeruginosa are the leading cause of morbidity and mortality in
CF patients (15, 17). Colonization of CF airways by P. aerugi-
nosa usually occurs early in the lifetime of the host (23). Even-
tually, the environment in the CF lung causes P. aeruginosa to
undergo a switch to a mucoid phenotype (11, 25). The mucoid
phenotype is caused by overproduction of alginate, an exopoly-
saccharide (EPS) consisting of mannuronic acid and guluronic
acid monomers. The mucoid conversion is often associated
with inactivating mutations in the mucA gene, which encodes
an anti-sigma factor of AlgT. AlgT is required for expression of
the alginate biosynthetic operon (10, 19, 31, 32). Alginate is
thought to have a protective function in a relatively harsh
environment in which the bacteria are continually subjected to
oxidative stress and attack by the immune system (28, 44, 45).
The switch to mucoidy is also thought to promote persistence
of P. aeruginosa in the airways and is usually coincident with a
downturn in the prognosis of the patient (27).

Another key aspect of P. aeruginosa CF lung infections is the
growing body of evidence that they involve biofilm bacteria.

Biofilms are surface-attached communities of bacteria embed-
ded in an extracellular matrix of biopolymeric substances and
are involved in many types of chronic infections (for recent
reviews, see references 5, 6, 8, and 39). Biofilm bacteria are
physiologically distinct from free-swimming bacteria of the
same species. A hallmark characteristic of biofilm bacteria is
that they can be up to 1,000 times more resistant to antibiotics
than their free-swimming counterparts (14, 24, 36). In addition,
the extrapolymeric matrix produced by biofilm bacteria has
been shown to inhibit phagocytosis by cells of the immune
system (34). Initial microscopic observations of postmortem
lung tissue and the sputa of patients suggested that P. aerugi-
nosa forms biofilms in the CF lung (29, 48). Recent physiolog-
ical evidence supports this idea, showing a change in quorum-
sensing signal profiles comparing free-swimming and biofilm
P. aeruginosa organisms (46). These observations are not sur-
prising, since the biofilm mode of growth confers a protective
advantage to the bacteria.

Wild-type, nonmucoid P. aeruginosa biofilm formation pro-
ceeds through distinct developmental steps based upon obser-
vational data (5, 6, 9, 40). After initial attachment of single
cells to a surface, the bacteria move on the surface by twitching
motility to form clumps of cells or microcolonies (40). The cells
continue to proliferate and form a mature biofilm consisting of
several layers of cells stacked upon one another. The mature
biofilm, depending upon the growth medium, can have a fairly
uniform structure or a highly differentiated structure with pil-
lars of cells separated by spaces devoid of bacteria (5, 21).
There are a number of studies indicating that the type and
amount of EPS produced are important for biofilm formation
and structure in different bacterial species (3, 7, 53). However,
the effect of alginate overproduction on P. aeruginosa biofilm
formation remains undetermined. Some reports have sug-
gested that mucoid P. aeruginosa biofilms are more resistant to
antibiotics than nonmucoid biofilms (2, 35). However, these
studies were limited in that the strains used for comparison
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were not isogenic derivatives. Interestingly, a recent report
actually demonstrated that laboratory-grown biofilms of non-
mucoid P. aeruginosa become mucoid when exposed to hydro-
gen peroxide, reinforcing the concept that oxidative stress is an
important determinant in the conversion to mucoidy (33). Al-
though the conversion to mucoidy and biofilm formation are
known to be important components of P. aeruginosa CF lung
infections, the relationship between the two is unclear.

In this report, we examine how alginate overproduction in-
fluences P. aeruginosa biofilm development and function. We
have studied biofilm development of a nonmucoid wild-type
P. aeruginosa PAO1 strain and an alginate-overproducing
isogenic mucA mutant strain. Our data show that the mucA
alginate-overproducing strain exhibits enhanced microcolony
formation and a more highly structured mature biofilm. Fur-
thermore, we demonstrate that the mucoid strain produces a
biofilm in which the cells are highly resistant to the antibiotic
tobramycin. Using an isogenic strain unable to synthesize
alginate, an algDmucA double mutant, we verify that the ob-
served effect is due to alginate overproduction, not additional
AlgT-regulated gene products. Our observations have led us to
propose that the conversion to mucoidy has drastic effects on
biofilm structure and may function to promote persistent bio-
film populations in the CF lung.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The P. aeruginosa strains were PAO1
and PDO300, a mucA22 derivative of PAO1 constructed by allelic exchange (33).
The Escherichia coli strains were HB101 and CC118lpir (18). The plasmids used
were pJBA27 (PA1/04/03-gfp-T0-T1 cassette on pUC18Not) (1), pJMT6 (mini-Tn5
transposon delivery vector, tellurite resistance), pRK600 (ColE1 oriV RP4 oriT,
helper plasmid in triparental matings, chloramphenicol resistance), and pMH94
(Gfp expression cassette located on a mini-Tn5 transposon element, tellurite and
ampicillin resistance).

Bacteria were routinely grown in Luria-Bertani (LB) broth or LB agar with
antimicrobial agents when necessary. The antimicrobial agents were used at the
following concentrations: ampicillin, 100 mg/ml for E. coli; potassium tellurite,
400 mg/ml for E. coli and 150 mg/ml for P. aeruginosa; chloramphenicol, 8 mg/ml
for E. coli; tetracycline, 15 mg/ml for E. coli and 60 mg/ml for P. aeruginosa.

Constructions. DNA manipulations were performed using standard methods.
Plasmid isolation was performed by using QIAprep spin miniprep kits (Qiagen,
Chatsworth, Calif.), and DNA fragments were excised and purified from agarose
gels by GFX PCR kit (Amersham-Pharmacia Biotech, Uppsala, Sweden). pMH94
was constructed by cloning a 2.0-kb NotI-fragment containing the PA1/04/03-
gfp-T0-T1 cassette of pJBA27 into the NotI-site of pJMT6. The PA1/04/03-gfp-
T0-T1 transposon cassette was inserted into random positions on the chromo-
somes of P. aeruginosa PAO1 and PDO300 by triparental mating with E. coli
CC118lpir(pMH94) and E. coli HB101(pRK600). The transconjugants had a
green fluorescent phenotype compatible with fluorescence microscopy and
growth characteristics identical to those of the parental strains. The strains had
a generation time of 2.3 h when grown in EPRI medium at 30°C.

The PAO1 algDmucA22 double mutant was constructed by double homolo-
gous recombination of the plasmid pDJW487 into the PDO300 chromosome.
pDJW487 contains the algD operon with most of the algD gene, including the
59 regulatory sequences, deleted and replaced with a tetracycline marker (D. J.
Wozniak, unpublished work). The knockout construct is harbored by pEX100T
containing the sacB gene and the bla resistance marker (43). A transformant
which was nonmucoid, tetracycline resistant, sucrose tolerant, and carbenicillin
sensitive was selected. The mucoid phenotype was complemented by the plasmid
pAlgD, which contains a 23-kb BamHI fragment of the algD operon of pAlg2
(38) cloned into the broad-host-range vector pBBR1MCS-5.

Static culture biofilm assay. The experiments were performed as previously
described by O’Toole et al. (40, 41). Overnight cultures of PAO1 and PDO300
were diluted to an optical density at 600 nm (OD600) of 0.1 in fresh EPRI
medium; 100-ml culture aliquots were dispensed into the wells of a 96-well
polystyrene microtiter dish and incubated for 24 h at 30°C. For the experiments
whose results are shown in Fig. 2, comparing initial attachment of the PAO1,

mucA22, and the mucA22algD double-mutant strains, the incubation period was
10 h. Biofilm formation was detected by staining with 1% (wt/vol) crystal violet
in water. Nonadherent cells and residual dye were removed by a thorough rinsing
with water. Cell-associated dye was solubilized with ethanol and measured at
OD595.

Continuous-culture biofilm reactor system. Biofilms were cultivated in flow
cells with individual channel dimensions of 1 by 4 by 40 mm with a flow of EPRI
medium modified to contain 0.005 mg of iron per ml as the growth-limiting
substrate (9). The once-through, continuous-culture biofilm reactor system was
assembled and prepared as described by Christensen et al. (4). The substratum
consisted of a microscope glass coverslip (Knittel 24350 st1; Knittel Gläser,
Braunschweig, Germany). Flow cells were inoculated with exponentially growing
cultures in EPRI medium at an OD600 of 0.15. After inoculation, the medium
flow was arrested for 1 h. Medium flow was resumed at a constant rate of 0.28
mm/s using a Watson Marlow 205S peristaltic pump (Watson Marlow Ltd.,
Falmouth, England). The flow cell system was incubated at 30°C. Effluent from
the flow cells was collected and plated for determination of viable counts and
mucoid phenotype.

Microscopy and image analysis. Epifluorescence microscopy was performed
using a Zeiss AxioPhot epifluorescence microscope (Carl Zeiss, GmbH, Jena,
Germany) equipped with fluorescein isothiocyanate and tetramethyl rhodamine
isocyanate filter sets and a Zeiss AxioCam camera for image acquisition. Non-
invasive monitoring of the biofilm three-dimensional structure was achieved by
scanning confocal laser microscopy (SCLM) using a Leica TCS4D system (Leica
Lasertechnik, GmbH, Heidelberg, Germany). The 488-nm and the 568-nm laser
lines of an ArKr laser were used to excite Gfp/SYTO 9 and propidium iodide
(PI), respectively. Stacks of horizontal-plane images captured by SCLM were
subjected to quantitative image analysis using the COMSTAT software (21). The
program calculates several characteristic biofilm parameters such as biofilm
thickness, roughness, and substratum coverage. Simulated fluorescence projec-
tions and vertical cross sections through the biofilms were generated by using the
IMARIS software package (Bitplane AG, Zürich, Switzerland) running on a
Silicon Graphics Indigo2 workstation (Silicon Graphics, Mountain View, Calif.).
Images were further processed for display by using the PhotoShop software
(Adobe, Mountain View, Calif.).

LIVE/DEAD BacLight bacterial viability staining. Bacterial viability in bio-
films was assayed by using the LIVE/DEAD BacLight bacterial viability staining
kit (Molecular Probes Inc., Eugene, Oreg.). The stain stock solutions of SYTO
9 and PI were diluted 2,000-fold in EPRI medium and injected into the flow
channels. The staining was allowed to progress for 15 min with the medium flow
arrested. Live SYTO 9-stained cells and dead PI-stained cells were visualized by
SCLM using fluorescein isothiocyanate filter and tetramethyl rhodamine isocya-
nate optical filters, respectively.

Rotating-disk biofilm reactor. A rotating-disk biofilm reactor system was used
for generating quantitative data on biofilm susceptibility to antibiotics. The
system consisted of a reactor vessel containing 250 ml of EPRI medium. The
reactor was initially operated in a batch mode for 24 h before being switched to
chemostat mode at a dilution rate of 0.10 h21. When the culture reached steady-
state condition indicated by a steady optical density of the culture (OD600,
.0.180), the magnetic stir bar in the reactor was replaced by a stir disk with 18
removable plastic polycarbonate chips. Biofilm formation was allowed to proceed
for 24 h before the disk and aliquots of the culture were aseptically retrieved. The
chips were removed from the disk wheel and washed in phosphate-buffered
saline to remove nonadherent cells. The chips were exposed for 5 h to tobramy-
cin in concentrations in the range of 100 to 0 mg/ml in EPRI medium. After
antibiotic exposure, the chips were transferred to phosphate-buffered saline and
sonicated for 10 min to resuspend adherent cells. The cell suspension was diluted
and plated on LB agar for determination of viable counts (CFU/chip). All
experiments were performed at least in triplicate.

RESULTS

Effect of alginate overproduction on biofilm structure. To
investigate the effect of mucoidy on biofilm formation, we
compared nonmucoid and mucoid P. aeruginosa strains. The
prototrophic wild-type P. aeruginosa PAO1 strain is nonmu-
coid and produces only trace amounts of alginate. P. aeruginosa
PDO300 is a defined isogenic derivative of PAO1 which has
been engineered by allelic exchange to contain the mucA22
allele. This mutation leads to constitutive overproduction of
the exopolysaccharide alginate. Liquid-culture growth rates of

5396 HENTZER ET AL. J. BACTERIOL.



both PAO1 and PDO300 were 2.3 h at 30°C in EPRI growth
medium. Initially, we examined and compared biofilm forma-
tion by these two strains using epifluorescence and SCLM. To
allow fluorescence microscopy, we used the green fluorescent
protein (GFP) as a nontoxic biological fluorophore to tag these
two strains. A constitutively-expressed allele of GFP was in-
troduced onto the chromosome of PAO1 and PDO300 using a
mini-Tn5 transposon cassette. We also verified that the inser-
tion of mini-Tn5 into a critical region of the PAO1 or PDO300
chromosome was not responsible for the observed biofilm phe-
notypes. To do this we examined both untagged PAO1 and
PDO300 biofilms with phase-contrast microscopy and tagged
PAO1 and PDO300 bearing a plasmid constitutively expressing
GFP. The biofilm architectures formed by these strains were
identical to those formed by the mini-Tn5-tagged strains de-
scribed below (data not shown).

PDO300 appeared to be moderately defective in attachment
to the glass surface (Fig. 1) compared to PAO1, which formed
a uniform monolayer of cells after 8 h of incubation (Fig. 1). A
96-well microtiter dish assay was used to verify this observa-
tion. This assay involves quantitation of biofilm biomass that
attaches to the polystyrene walls of the microtiter plate. A
comparison of PAO1 and PDO300 using this assay verified
that after a 10-h period, PAO1 biofilms contained more bio-
mass than PDO300 biofilms (Fig. 2). Past the initial attachment
phase (.20 h), the PAO1 and PDO300 biofilms exhibited
significantly different patterns of biofilm development. The
PAO1 biofilm developed from a uniform monolayer of at-
tached cells into a biofilm characterized by an almost complete
substratum coverage and even biomass distribution (Fig. 1,
middle and bottom left panels). PDO300 formed a signifi-
cantly different biofilm architecture, with attached cells grow-
ing exclusively in discrete microcolonies resulting in a low
substratum coverage and high structural heterogeneity. The
PAO1 and PDO300 biofilms reached a steady state, in which
the biofilm architecture did not appreciably change, within 5 to
10 days. The mature PAO1 biofilm exhibited moderate heter-
ogeneity and a high degree of substratum coverage. The aver-
age thickness of the steady-state PAO1 biofilm was observed
to be about one-half that of the PDO300 biofilm. The steady
state PDO300 biofilm was characterized by large microcolonies
separated by water channels (Fig. 1, bottom right panel). The
mucoid phenotype is unstable, occasionally reverting to a non-
mucoid phenotype. Following incubation in biofilm flow cells,
PDO300 cells were harvested and plated out to ensure that the
bacteria retained a mucoid phenotype. Another concern was
that a mutation in an anti-sigma factor gene, mucA, would
show pleiotropic effects on genes other than the genes involved
in alginate synthesis, effects which would affect biofilm archi-
tecture. To test this, we constructed an algDmucA double mu-
tant, which is unable to synthesize alginate. This double mutant
formed biofilms with wild-type, nonmucoid architecture, veri-
fying that alginate overproduction is likely to be responsible for
the PDO300 biofilm phenotype (data not shown). We also
tested the algDmucA double mutant for initial biofilm forma-
tion using the 96-well microtiter plate experiment described
above. After 10 h, the double mutant had levels of biofilm
biomass comparable to that of PDO300 (Fig. 2), suggesting
that alginate overproduction is not responsible for this obser-
vation.

Software analysis of PAO1 and PDO300 biofilm architec-
ture. Computer software analysis of SCLM-generated images
of PAO1 and PDO300 biofilms allowed quantification of ob-
served differences in biofilm architecture. The COMSTAT
software package was used for this analysis as described in
Materials and Methods and in a previous report (20). Verifying
microscopic observations, COMSTAT analysis indicated that
PAO1 and PDO300 formed significantly different biofilms
(Fig. 3). During the course of biofilm development, PDO300
consistently formed a thicker and rougher biofilm than PAO1.
Thickness is the average depth of the biofilm, while roughness
is a measurement of structural heterogeneity. For example, a
rough biofilm has many pillars and towers of cells separated by
areas devoid of cells, whereas a smooth biofilm consists of a
more homogenous layer of cells. PDO300 also formed biofilms
that harbored more biomass than PAO1 biofilms (Fig. 3). An-
other parameter of biofilm architecture that differed between

FIG. 1. Epifluorescence and scanning confocal photomicrographs
of the surface-attached communities formed by P. aeruginosa wild type
and an isogenic alginate-overproducing mutant. The strains are engi-
neered to contain a gfp expression cassette inserted into the chromo-
some. The biofilms are grown in once flow-through continuous-culture
reaction vessels. (Top) Epifluorescence photomicrographs of the wild
type (PAO1) and the mucA22 mutant (PDO300); images were ac-
quired 8 h postinoculation of the biofilm reactor. (Middle) Epifluo-
rescence photomicrographs acquired 24 h postinoculation. (Bottom)
Scanning confocal photomicrographs of 5-day-old wild-type and
mucA22 mutant biofilms. The larger central plots are simulated fluo-
rescent projections, in which a long shadow indicates a large, high
microcolony. Shown in the right and lower frames are vertical sections
through the biofilms collected at the positions indicated by the white
triangles. Bar, 20 mm.
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the two strains was substratum coverage. Substratum coverage
measures the area of the attachment surface covered by biofilm
bacteria. PAO1 quickly covered the entire attachment surface
after 24 h of biofilm development, whereas PDO300 covered
only 20% of the attachment surface. By the fourth day, both
PAO1 and PDO300 had covered most of the attachment sur-
face.

Antibiotic resistance of P. aeruginosa biofilms. The effects of
the markedly different biofilm architectures of PAO1 and
PDO300 on biofilm function are unknown. One important
function of a biofilm is the protection it confers to members of
the biofilm community. Therefore, PAO1 and PDO300 bio-
films were assayed for their resistance to the antibiotic tobra-
mycin. Two separate techniques were used to examine antibi-
otic resistance. The first technique involved the biofilm flow
cells used in the experiments described above. Established
24-h-old biofilms grown on EPRI medium were subjected to
another 24 h of continuous flow of either tobramycin (2.0
mg/ml) in EPRI medium or EPRI medium alone. The PAO1
biofilm was much more sensitive to tobramycin treatment than
was the PDO300 biofilm (Fig. 4A). In the absence of treat-
ment, both PAO1 and PDO300 biofilms had comparable bio-
masses. Viable biomass was determined by SCLM analysis of
GFP-tagged PAO1 and PDO300 biofilms (30). GFP expression
has previously been used as a viability marker, and control
experiments verified that tobramycin-killed bacteria do not flu-
oresce (data not shown). However, when PAO1 and PDO300
biofilms were subjected to tobramycin treatment the PAO1
biofilms showed a significant drop in viable biomass (Fig. 4A).
These biofilms were also subjected to viability staining (Fig.
4B). Viability was measured by cell membrane integrity, with
dead cells having membranes that are permeable to the nucleic
acid stain PI indicated by red fluorescence (Fig. 4B). Both
viable and dead cells are stained with the nucleic acid stain
SYTO 9, indicated by green fluorescence (Fig. 4B). Control
experiments comparing CFU and viability staining of liquid
and biofilm cultures of P. aeruginosa demonstrated that our

staining technique accurately represented the proportion of
live and dead cells (data not shown). Almost all of the cells in
the PAO1 biofilm were dead; however, many cells were alive in
the PDO300 biofilm.

A rotating-disk reactor system (see Materials and Methods),
which allows quantification of cells in a biofilm by direct viable
count, was also used to assay the susceptibility of PAO1 and
PDO300 biofilms to tobramycin. This system utilizes a lexan
disk affixed to a stir bar and 18 polycarbonate chips that can be
inserted into the lexan disk. When the disk is placed into a
liquid culture, it is spun using the stir bar. Only biofilm bacteria

FIG. 2. Biofilm formation assay comparing the total biofilm bio-
masses of PAO1, PDO300, and algDmucA strains after 10 h. Biofilms
were prepared and stained as described in Materials and Methods.
Both PDO300 and the algDmucA double mutant harbored less bio-
mass in their biofilms than did PAO1. Each value was the average of
32 individual replicates. Avg, average; St. dev., standard deviation.

FIG. 3. Characteristics of P. aeruginosa wild-type (filled circles) and
mucA22 mutant (open circles) biofilms. The biomass content, biofilm
thickness, roughness coefficient, and substratum coverage were calcu-
lated by the COMSTAT image analysis software from scanning con-
focal image data. The values are averages of six image stacks acquired
in four separate experiments. The biomass content is calculated as the
biomass volume (mm3) per substratum surface area (mm2). The rough-
ness coefficient describes the variation in biofilm thickness and is a mea-
sure of biofilm heterogeneity. The substratum coverage is the fraction
of the substratum area covered by biomass. The times at which the bio-
films were assayed were 1, 2, 4, 6, and 8 days (as indicated on the x axis).
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accumulate on the polycarbonate chips. Following culturing,
the chips can be removed and then exposed to antibiotics in
96-well microtiter plates. Following antibiotic treatment the
biofilm bacteria can be removed by sonication and assessed for
viability by plate counts. Biofilms were grown for 24 h. Within
a range of antibiotic concentrations of 2 to 100 mg/ml, the
PDO300 biofilms grown in the rotating disk reactor were up to
1,000 times more resistant to tobramycin than were the PAO1
biofilms (Fig. 5). For cells obtained from liquid cultures of
PAO1 and PDO300 (planktonic cells), the MICs of tobramycin
were comparable (;1 mg/ml) (data not shown).

DISCUSSION

In this study we report a relationship between the conversion
to mucoidy by P. aeruginosa and biofilm development and
function. A mucoid, i.e., alginate-overproducing, strain devel-
oped a highly differentiated biofilm, resulting in a more struc-
turally heterogeneous biofilm than that produced by a compa-
rable nonmucoid strain. A qualitative and quantitative analysis
of biofilm architecture shows that PDO300 forms microcolo-
nies very early in biofilm development, although fewer cells are
attached to the substratum at the initial attachment stage. We
further characterized this defect in initial attachment using
96-well microtiter plate biofilm assays (Fig. 2). Since both
PDO300 and the algDmucA double mutant exhibited the same
level of biofilm biomass, we believe that alginate overproduc-
tion is not responsible for reduced levels of biofilm biomass
early on in biofilm development (Fig. 2). This observation may
be explained by the absence of flagella in a mucA background.
Flagellum expression has been shown to be negatively regu-
lated by AlgT (13). The flagellum has also been shown to play
an important role in the attachment of P. aeruginosa during the
initial steps of biofilm formation (40). However, past the initial
attachment stage, an analysis of older biofilms (beyond 24 h)
shows that the architectures of PAO1 and the algDmucA dou-
ble mutant are the same. This suggests that alginate overpro-

duction is the primary cause of observed differences in biofilm
architecture. The mucoid biofilms also proved to be more re-
sistant to the antibiotic tobramycin than biofilms formed by the
nonmucoid strain. This difference in antibiotic resistance to to-
bramycin is not seen in planktonic cells of PAO1 and PDO300.
This suggests that the alginate overproduction in the CF lung
may play a role in forming biofilms that are more resistant to
antimicrobial stresses. A point that should be clarified con-
cerns the structure of the wild-type biofilm. Some reports have
demonstrated that PAO1 forms highly structured biofilms (9).
However, biofilm architecture is significantly influenced by
growth medium (51), and the particular growth medium we
selected for PAO1 results in fairly flat, undifferentiated bio-
films that are several layers of cells thick (about 30 mm [Fig. 1
and 3]). The growth medium used in this study was chosen

FIG. 4. Increased tobramycin resistance of a P. aeruginosa PDO300 biofilm. (A) Viable biomass content of gfp-expressing P. aeruginosa
wild-type and PDO300 mutant biofilms after 24 h of exposure to 2.0 mg of tobramycin per ml (open bars) and nontreated controls (filled bars).
gfp fluorescence is a marker of cell viability and allows quantification of the viable biomass by COMSTAT image analysis of SCLM image data.
(B) Visualization of live (green fluorescence) and dead (red fluorescence) cells by LIVE/DEAD BacLight bacterial viability staining kit. The
treated biofilms were exposed to tobramycin as described above. Viability was measured by GFP fluorescence (A) and by SYTO 9 viability staining
(B).

FIG. 5. Assay of tobramycin sensitivity in a rotating-disk biofilm
reactor system. E, P. aeruginosa wild-type biofilm; F, PDO300 mutant
biofilm. The values represent averages of three separate experiments.
Biofilms were treated for 5 h. The planktonic MIC of tobramycin for
both these strains is 1 mg/ml.

VOL. 183, 2001 MUCOID P. AERUGINOSA BIOFILM STRUCTURE AND FUNCTION 5399



because it maintains a stable mucoid phenotype in the biofilm
population.

The role of EPS in determining biofilm architecture has
been reported for a number of different bacterial strains. A
change in primary EPS production has been shown to be
responsible for the conversion of the Vibrio cholerae smooth-
colony phenotype to the rough-colony phenotype (53). This
study also demonstrated that the rough-colony phenotype of
V. cholerae forms thick, robust biofilms with distinct architec-
ture compared to the smooth-colony biofilms. A report by
Danese et al. showed that E. coli mutants unable to synthesize
the EPS colanic acid were deficient in their ability to attach to
abiotic surfaces compared to the isogenic wild-type strain (7).
These two examples list only a few cases where EPS production
has a significant influence on biofilm formation and architec-
ture. We show that an alginate-overproducing strain of P. ae-
ruginosa has significant effects on biofilm architecture and de-
velopment. The PDO300 biofilm was thicker and rougher and
exhibited enhanced microcolony formation (Fig. 1, compare
top and middle right micrographs). The significance of PDO300’s
tendency to form microcolonies is unclear. After initial attach-
ment of a cell, enhanced microcolony formation may result
from daughter cells originating from the initial attached bac-
terium being ensnared in the alginate matrix and held in close
proximity to the parent cell. However, in the case of the non-
mucoid strain, daughter cells may be released into the bulk
liquid. Our data are consistent with those of Nivens et al., who
recently demonstrated that a mucoid, clinical CF isolate of
P. aeruginosa produced a biofilm consisting of microcolonies
up to 40 mm in depth, whereas nonmucoid revertants produced
a flat and dense biofilm about 6 mm thick (37). The study
further established that the structural difference was due to
alginate, with the O acetylation of alginate appearing to be
pivotal for the biofilm structure.

A consequence of enhanced microcolony formation and
thicker, alginate-containing biofilms would be an increased
resistance of these bacterial cells to antimicrobial agents. Two
of the contributing factors to this resistance are that the EPS
matrix represents a physical and chemical barrier and that due
to nutritional gradients, cells buried in a biofilm are reduced in
metabolic activity, rendering them less susceptible to antibiot-
ics which primarily target the metabolically active cells (12, 14,
49, 52). Therefore, in a harsh environment such as the CF lung,
enhanced microcolony formation would be a selective advan-
tage. Using laboratory-grown biofilms, Mathee et al. demon-
strated that nonmucoid biofilms subjected to oxidative stress
actually induced a conversion to the mucoid phenotype (33).
Previous studies have also indicated that mucoid strains of
P. aeruginosa are more resistant to antibiotics than nonmucoid
strains. However, these studies were limited in that the strains
tested were not isogenic.

Using a wild-type strain of P. aeruginosa and an isogenic
mucA strain, we show that alginate overproduction does in-
deed increase the resistance of biofilm bacteria to the antibi-
otic tobramycin. We demonstrated this using two independent
biofilm-culturing techniques. The time points at which antibi-
otic resistance was assayed for mucoid and nonmucoid strains
for both biofilm-culturing techniques were selected so that the
same amounts of cells were present in the two biofilms. The
flow cell culturing technique combined with viability staining

allowed visualization of treated and untreated biofilms and the
relative distribution of live and dead cells (Fig. 4B). The non-
mucoid biofilm was almost entirely killed, while the mucoid
biofilm remained viable. Most of the dead biomass remained
attached to the substratum for the nonmucoid biofilms. The
fact that most of the cells in the nonmucoid biofilm were killed
may be due to the prolonged exposure (24 h) to a dose of
tobramycin greater than the MIC. The small number of dead
cells in the mucoid biofilm appeared to be concentrated to-
wards the periphery of the microcolony; however, dead cells
could be seen throughout the microcolony. Tobramycin ap-
pears to kill more biofilm bacteria in the flow cells when the
staining method is used than when GFP fluorescence is used as
a viability indicator (compare relative drops in viability after
treatment in Fig. 4A and B). However, it should be kept in
mind that the data in Fig. 4A represent a large number of
image stacks which have been analyzed by COMSTAT, while
Fig. 4B shows a single snapshot of a biofilm cross section. It is
also possible that the viability staining is overestimating the
degree of killing, or conversely, that measuring GFP fluores-
cence as a viability marker is underestimating the degree of
killing. The rotating-disk reactor biofilms allowed quantifica-
tion of viable biomass using traditional plate counts (Fig. 5).
These experiments demonstrated that mucoid biofilms were up
to 1,000 times more resistant to tobramycin than were the
nonmucoid biofilms; however, planktonically the MICs of to-
bramycin for PAO1 and PDO300 were the same (1 mg/ml).
The combination of the two assays for antibiotic resistance
strongly supports the conclusion that alginate overproduction
protects cells in a biofilm from tobramycin. Furthermore, due
to the distribution of live and dead cells within the biofilm, we
believe that enhanced microcolony formation creates an anti-
microbial-resistant zone in the interior of the microcolony and
is an important element of the increased resistance of mucoid
biofilms.

The data presented here support a model indicating that a
primary role of alginate overproduction by mucoid P. aerugi-
nosa is to alter biofilm architecture, which results in more
antimicrobial-resistant biofilms. These results strongly support
previous studies, which have indicated that the conversion to
mucoidy plays a protective role for the bacterial population.
These results also reemphasize the importance of EPS produc-
tion for biofilm architecture. Future studies will address ques-
tions arising from this work. For example, does alginate over-
production influence recruitment of free-swimming cells from
the environment into the biofilm? Is the biofilm architecture
associated with alginate overproduction a general characteris-
tic of cells overproducing an exopolysaccharide? Does alginate
overproduction affect detachment rates? These questions are
central to understanding the ecology of P. aeruginosa CF lung
infections. Such an understanding may assist in designing ther-
apeutic strategies for treating chronic P. aeruginosa infections.
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