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Bacterial biofilms show enormous levels of antibiotic resistance, but little is known about the underlying
molecular mechanisms. Multidrug resistance pumps (MDRs) are responsible for the extrusion of chemically
unrelated antimicrobials from the bacterial cell. Contribution of the MDR-mediated efflux to antibiotic
resistance of Pseudomonas aeruginosa biofilms was examined by using strains overexpressing and lacking the
MexAB-OprM pump. Resistance of P. aeruginosa biofilms to ofloxacin was dependent on the expression of
MexAB-OprM but only in the low concentration range. Unexpectedly, biofilm resistance to ciprofloxacin,
another substrate of MexAB-OprM, did not depend on the presence of this pump. Dose-dependent killing
indicated the presence of a small “superresistant” cell fraction. This fraction was primarily responsible for very
high resistance of P. aeruginosa biofilms to quinolones. Bacterial cells recovered from a biofilm and tested
under nongrowing conditions with tobramycin exhibited higher resistance levels than planktonic cells but

lower levels than cells of an intact biofilm.

Biofilms, communities of cells adhering to a substratum,
likely represent the prevalent form of microorganisms in na-
ture (7). Resistance to antimicrobials is a general feature of all
biofilms that are the major cause of recalcitrant infections (8,
13, 26). Biofilms might be responsible for 65% of all bacterial
infections (39). Life-threatening infection caused by Pseudo-
monas aeruginosa biofilms in cystic fibrosis patients is a well-
known example (15). One obvious difference between plank-
tonic cells and biofilm is the presence of a polysaccharide
matrix enveloping the community that retards diffusion of an-
timicrobials into the biofilm. However, direct measurements of
diffusion rates show that at least some antibiotics equilibrate
throughout the biofilm within minutes or hours (9, 29, 41).
P. aeruginosa expresses a p-lactamase, and a combination of
retarded diffusion and an enzyme that destroys the antibiotic at
the rate at which it arrives at the cell surface could explain
resistance to ampicillin (41). However, this would not explain
resistance to quinolones, for example. Retarded diffusion
alone can postpone but not prevent the death of biofilm cells
from quinolones. This realization has left the mechanism of
biofilm resistance largely unexplained (6).

Do biofilm cells express mechanisms that contribute to bio-
film resistance? Not much is known apart from an example of
increased B-lactamase production in P. aeruginosa biofilms
(14). The genetic analysis of biofilms has just recently begun,
and its focus has been on genes required for biofilm formation.
It has been found that pili and flagella are important for the
early stages of biofilm formation in Pseudomonas (32, 33) and
Escherichia coli (40). It was also reported that a quorum-sens-
ing factor of P. aeruginosa is required for the formation of the
biofilm architecture; in the absence of the factor, biofilms were
thin and dense (10). This altered biofilm was solubilized by
sodium dodecyl sulfate (SDS), unlike a wild-type biofilm. It
remained unclear whether the quorum-sensing factor induced
an increase in the intrinsic antimicrobial resistance of biofilm
cells.
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All known organisms have multidrug resistance pumps
(MDRs) that can extrude chemically unrelated antimicrobials
from the cell (20, 30, 34). In P. aeruginosa, the MexAB-OprM
MDR is expressed in wild-type planktonic cells and is largely
responsible for high levels of “intrinsic resistance” of this mi-
croorganism to antibiotics (21, 30, 37). Mutations leading to
overexpression of the pump have been identified in clinical
isolates of multidrug-resistant strains (6). The substrates of
MexAB-OprM include quinolones, tetracycline, B-lactams, tri-
methoprim, and many other compounds. The pump extrudes
antimicrobials across the outer membrane, which explains its
ability to confer resistance to B-lactams that target the cell wall
synthesis. The pump is composed of three different peptides: a
MexB translocase belonging to the resistance-nodulation-divi-
sion (RND) family of solute/proton antiporters, an outer mem-
brane porin, OprM; and a “membrane fusion protein,” MexA,
that apparently docks MexB to OprM. The broad specificity of
MDRs seems to qualitatively match the broad resistance of
biofilms to antimicrobials. However, biofilms can show very
high levels of resistance (for example, a minimal bactericidal
concentration of 1 mg/ml in the case of P. aeruginosa and
tobramycin), and it is unclear whether mechanisms operating
in planktonic cells that confer significantly lower levels of re-
sistance play a role in biofilms. Nothing is currently known with
regard to the role of MDRs in biofilm resistance to antibiotics.

The contribution of MDR-mediated efflux to biofilm antibi-
otic resistance was examined in this study. A detailed exami-
nation of dose-response killing of biofilm cells expressing or
lacking MexAB-OprM led to a number of unexpected findings.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Bacterial strains used in this study
were K767 PAOL1 prototroph (25), K1119 PAO1 AmexAB-oprM (22), K766
PAO1 nalB mexAB-oprM ™", PAO-JP1 PAO1 AlasI Tc* (35), and PA14 pilB (31).
Mueller-Hinton broth (MHB) (Difco, Detroit, Mich.) was used to culture P.
aeruginosa unless otherwise noted.

Antibiotics. Ciprofloxacin and ofloxacin were obtained from Bayer and the
R.W. Johnson Research Institute, respectively. Tetracycline and tobramycin
were from Sigma, St. Louis, Mo.

Susceptibility testing of planktonic and biofilm cells. Planktonic stationary-
phase cells were used in dose-response killing experiments, for a better compar-
ison to biofilms. The minimal bactericidal concentration for planktonic cells was
defined as an antimicrobial concentration required for complete eradication of
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the cells during a 6-h incubation in MHB. Complete eradication was recorded if
one or no colonies were present on triplicate plates inoculated with undiluted
culture. This point was plotted as 10°%ml on the dose-response killing curves.
Both modifications were implemented to allow a better comparison with bacte-
rial biofilms. Phosphate-buffered saline (PBS), pH 7.4 (Sigma), was used to
determine planktonic cell resistance under nongrowing conditions.

The disposable MBEC device was used to form biofilms (MBEC Biofilm
Technologies Ltd., Calgary, Canada) (5). The device is a platform carrying 96
polystyrene pegs that fit in a microtiter plate. For biofilm formation, the device
was placed in a tray filled with MHB and cells (10*/ml) and was incubated on a
tilting shaker, which provides a shearing force, for 16 h at 37°C. After biofilms
formed on the pegs, the pegs were washed in PBS, and the device was placed in
a microtiter plate with MHB for drug susceptibility testing. Following 6 h of
incubation in the presence of an antimicrobial agent, the pegs were washed twice
in PBS, and the device was placed in a microtiter plate with PBS and sonicated
for 5 min in a water bath sonicator (Branson ultrasonic cleaner; Branson Ultra-
sonics Corporation, Danbury, Conn.). For each antimicrobial concentration
tested, cells were collected from three parallel pegs, plated with appropriate
dilutions, and counted separately, and the mean values are presented.

Dose-dependent killing of cells recovered from a biofilm. Biofilm formation
was carried out as described above, and cells were dislodged from pegs by
sonication into MHB containing a given amount of antibiotic. Following a 6-h
incubation with antibiotic, the number of live cells was determined by plate
counts.

RESULTS

In this study, we used the recently developed Calgary device
for biofilm susceptibility testing. The device allows us to test a
fairly large number of samples simultaneously, enabling us for
the first time to collect detailed data on the dose response of
P. aeruginosa biofilms to several antibiotics. We have inten-
tionally chosen two strains of P. aeruginosa for this study that
have a fixed status of MexAB-OprM expression, an overpro-
ducing mutant and a deletion strain. This would limit the
number of uncontrollable variants and clearly show a potential
role for an MDR in biofilm resistance. A set of representative
antibiotics was selected for this study. Of these, ofloxacin,
ciprofloxacin, and tetracycline are substrates of the MexAB-
OprM pump. MDRs primarily extrude amphipathic substances
(20), but recently RND-type MDRs extruding hydrophilic ami-
noglycosides were found in Burkholderia pseudomallei (27) and
P. aeruginosa (2).

MexAB-OprM and biofilm resistance. P. aeruginosa biofilms
were formed overnight and treated with antimicrobials for 6 h.
Cells were then dislodged from the plastic pegs by mild soni-
cation, and the number of live cells was determined by plate
counts. MexAB-OprM conferred a distinct protective effect on
biofilms exposed to ofloxacin (Fig. 1). At low concentrations,
ofloxacin was 50- to 100-fold more effective in killing biofilm
cells of the deletion mutant than the strain overexpressing the
pump. Unexpectedly, as the concentration of ofloxacin in-
creased, the difference in resistance between the two strains
gradually diminished. After the number of live cells dropped
by 3 orders of magnitude, the remaining fraction, consisting of
about 10° cells, did not decline upon further increase in anti-
biotic concentration. There was therefore no difference in re-
sistance to ofloxacin between these “superresistant” cells of the
two strains. By contrast, the rate of killing of planktonic cells in
growth medium by ofloxacin showed a rapid increase upon an
increase in the antibiotic concentration, and a large difference
in resistance between the MexAB-OprM expressing and dele-
tion strains was observed throughout the entire concentration
range. Interestingly, the majority of biofilm cells (~99.9%)
were eradicated with a clinically achievable antibiotic concen-
tration (1 to 5 pg/ml), and the MexAB-OprM pump contrib-
uted to resistance at this concentration range.

In the case of ciprofloxacin, there was no difference in bio-
film resistance between cells expressing and lacking MexAB-
OprM (Fig. 1). A large difference in resistance between these
strains was observed as expected with planktonic cells (Fig. 1).
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The ability of MexAB-OprM to confer resistance to ofloxacin
shows that the pump is indeed active in the biofilm. It appears
that other drug resistance mechanisms operating in the biofilm
mask the contribution of the MexAB-OprM pump to cipro-
floxacin resistance. As in the case of ofloxacin, a distinct pla-
teau in the dose-response curve was observed with ciprofloxa-
cin, suggesting the presence of superresistant cells.

We found that tetracycline, a poorly lethal antibiotic,
showed good Kkilling activity against planktonic cells of the
MexAB-OprM deletion strain (about a 3-log decrease at 0.5
pg/ml) and poor killing of the overexpression strain (Fig. 1). It
was interesting to learn whether the very prominent difference
between strain susceptibility to tetracycline would be observed
in the biofilm. This was not the case; the results showed a
dramatic increase in the MexAB-OprM deletion strain’s resis-
tance to tetracycline in a biofilm. A difference in strain suscep-
tibility was observed only at the very high range of concentra-
tions (Fig. 1).

Tobramycin is apparently not a substrate of the MexAB-
OprM pump (or a very poor one), and in planktonic cells the
efficient killing with this antibiotic was similar for both strains.
Complete eradication was achieved at around 2 pg/ml (Fig. 1).
The biofilms showed very high resistance to tobramycin, and
the strains behaved similarly. At a very high concentration (1
mg/ml), the deletion mutant was more sensitive than the over-
producing strain.

Contribution of slow growth to antibiotic resistance. The
dramatic increase in resistance of the deletion MexAB-OprM
strain to tetracycline upon transition from the planktonic to the
biofilm state could be due largely to slow growth. Bactericidal
action generally decreases with lower growth rate, and slow
growth is considered to be one of the components of biofilm
resistance (3, 8). We wanted to learn how slow growth contrib-
uted to resistance of P. aeruginosa to antibiotics used in this
study.

For these model experiments, we chose conditions that
would provide minimal or no growth. Dose-response killing of
stationary-phase planktonic cells was studied in simple phos-
phate buffer (Fig. 1). Almost identical killing dynamics were
observed for planktonic cells in phosphate buffer and for bio-
film cells in growth medium in the case of tetracycline. Thus, a
decrease in growth rate could largely explain biofilm resistance
to tetracycline, a poorly lethal antibiotic. By contrast, cells in
phosphate buffer were very sensitive to tobramycin. Biofilm
cells exhibited approximately 100-fold-higher resistance than
planktonic cells in phosphate buffer. Thus, another unknown
mechanism(s) is responsible for high resistance of P. aerugi-
nosa to aminoglycosides. Slow growth evidently increased re-
sistance of planktonic cells to quinolones. Very high resistance
to quinolones in phosphate buffer was observed with the strain
overexpressing MexAB-OprM. This suggests that slow growth
and MDRs might contribute to ofloxacin resistance of biofilms.

Antibiotic resistance of bacterial cells recovered from a bio-
film. Whether increased resistance derives primarily from the
biofilm structure (decreased diffusion or binding of antibiotics)
or is an intrinsic property of biofilm cells remains an important
question. What has been firmly established is that cells derived
from the biofilm are not mutants. After regrowth, planktonic
cells from a biofilm are similar to cells of the parent strain. We
confirmed this by examining the sensitivity of cells taken from
biofilms after antibiotic treatment and regrown in rich medium
(data not shown). What has also been established is that MICs
for cells taken from the biofilm and immediately exposed to
antibiotic are the same as MICs for the wild type (42). This is
to be expected: once a potentially resistant cell starts growing
in the presence of an antibiotic, resistant mechanisms will be
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FIG. 1. Role of the MexAB-OprM pump in resistance of biofilms and planktonic cells to killing by antibiotics. (A through C) Biofilms, stationary-phase cells, and
nongrowing cells, respectively, treated with ofloxacin (Oflox). (D through F) Biofilms, stationary-phase cells, and nongrowing cells, respectively, treated with
ciprofloxacin (Cipro). (G through I) Biofilms, stationary-phase cells, and nongrowing cells, respectively, treated with tetracycline (Tet). (J through L) Biofilms,
stationary-phase cells, and nongrowing cells, respectively, treated with tobramycin (Tobra).

“diluted” after several divisions, and the sample will be scored
as having no growth. There seemed to be a simple way to probe
the issue of intrinsic resistance of biofilm cells. The rationale is
to test the ability of cells to resist killing rather than to study
their ability to grow. Biofilm cells can be dislodged, and their
dose-response killing can be studied. In this format, there is no
growth due to the presence of high concentrations of antibi-
otic, and resistance mechanisms would not be “diluted.” How-
ever, disruption of a biofilm and transfer of cells into fresh
growth medium could change the cell properties (activate
them from possible dormancy, for example) and lead to sus-
ceptibility. This suggests that only a positive result (preserva-
tion of increased resistance of liberated cells) would provide
useful information. According to our results with planktonic
cells in buffer, only tobramycin produced effective killing. Us-

ing this antibiotic would therefore allow us to observe possible
resistance of liberated planktonic cells that was not due to slow
growth alone.

Resistance of liberated cells to tobramycin was substantially
greater than that of planktonic cells in PBS and unexpectedly
was similar to resistance of biofilms in growth medium (Fig. 2).
When cells are liberated from the biofilm by sonication, one
would expect the biofilm matrix to be liberated as well. This
matrix could bind some of the tobramycin, contributing to
higher resistance of liberated cells. We examined this possibil-
ity by studying dose-response killing of liberated cells com-
pared to killing in a 10-fold- and a 150-fold-diluted suspension
of liberated cells. The decline of the cell number with an
increase in tobramycin was more pronounced in the suspension
diluted 10-fold than in undiluted cells, suggesting that the
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FIG. 1—Continued.

undiluted suspension might contain a factor protecting cells
from the antibiotic. The patterns of decline in cell counts in a
10-fold- and 150-fold-diluted suspensions were comparable.
This means that in diluted cells, only intrinsic resistance of cells
determines the pattern of killing. Even the diluted biofilm cells
were substantially more resistant than stationary-phase plank-
tonic cells, as judged both by population decline (Fig. 1K) and
by the concentrations required for eradication. This experi-
ment suggests that resistance to tobramycin is due in part to
intrinsic resistance that is acquired by cells growing in a bio-
film.

Antibiotic resistance of a biofilm deficient in quorum-sens-
ing factor. Recently, it was shown that a P. aeruginosa strain
deficient in the production of N-(3-oxododecanoyl)-L-homo-
serine lactone (HSL) quorum-sensing factor forms a dense
biofilm that is dislodged from the surface by 0.2% SDS, unlike
the wild-type biofilm (10). It was also reported that MexAB-

OprM extrudes HSL (11, 36), raising the question of the in-
terrelation between HSL, MexAB-OprM, and antibiotic resis-
tance. In order to probe directly for a possible role of HSL in
biofilm resistance to antibiotics, we used the las] mutant strain
defective in HSL production. We found no difference in sus-
ceptibilities of the biofilms formed by the lasI strain and the
wild type in resistance to ofloxacin and tobramycin (Fig. 3) or
in resistance to SDS (not shown). In order to verify that the
method we are using allows us to distinguish between cells with
different capabilities to form biofilms, a pilB strain defective in
pilus synthesis and biofilm formation (32) was tested. Biofilms
formed by the pilB strain had 100-fold fewer cells than the
wild-type PAO1 or the K766 and K1119 strains (data not
shown). The apparent discrepancy between our results and the
above-cited study is probably due to the difference in the sub-
stratum used. The surface material has a strong effect on bio-
film adherence (26). We employed polystyrene, which the
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FIG. 2. Dose-response killing of P. aeruginosa wild-type cells liberated from
a biofilm. Cells were dislodged from a biofilm by sonication, placed in Mueller-
Hinton growth medium, and treated with tobramycin (Tobra) (diamonds). Sim-
ilarly prepared cells were diluted prior to tobramycin treatment 10-fold (squares)
and 150-fold (triangles).

MBEC device is made of, while glass was used in the other
study (10).

DISCUSSION

Role of MDRs. Since MDRs play a significant role in mul-
tidrug resistance of planktonic cells, it might seem obvious that
they should have a role in biofilm resistance as well. However,
our results show that this is not necessarily the case. There was
no difference in biofilm resistance to ciprofloxacin between
cells overexpressing the MexAB-OprM pump and those lack-
ing it. On the other hand, a notable (50- to 100-fold) difference
in susceptibility between the strains was observed in the case of
ofloxacin at a relatively low concentration range. These differ-
ences do not follow from the very similar and large differences
between the susceptibilities of two strains to these antibiotics
in planktonic cells. One interesting possibility that would ac-
count for the unexpected lack of a role for MexAB-OprM in
biofilm resistance to ciprofloxacin is that another MDR(s),
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perhaps with preferential selectivity for ciprofloxacin, is being
expressed in the biofilm. Many MDRs are regulated by envi-
ronmental factors: EmrAB of E. coli is induced by its drug
substrates (4, 23), as are BMR of B. subtilis (1) and QacA of
S. aureus (16). In E. coli, the RND pump AcrAB is induced by
stress (24, 31). Two of these RND pumps, MexCD-OprJ (38)
and MexEF-OprN (19), have substrate spectra similar to that
of MexAB-OprM, and mutants overexpressing these pumps
have been identified in resistant clinical isolates (12, 18, 43).
MexCD-OprJ and MexEF-OprN are not expressed in plank-
tonic cells. There are 10 additional putative RND pumps in
the genome of P. aeruginosa (Pseudomonas Genome Project,
http://www.pseudomonas.com). Examination of mutants with
disruptions in the MDRs will provide a definitive answer as to
whether and which MDRs have an important role in biofilm
resistance.

Intrinsic resistance of biofilm cells. Cells liberated from a
biofilm into growth medium were considerably more resistant
to tobramycin than planktonic cells. This experiment suggests
that cells become intrinsically more resistant when growing in
the biofilm and retain part of this resistance even outside the
biofilm. This is the first observation that shows increased re-
sistance of cells liberated from the biofilm and provides the
bases for searches for genes that might be specifically induced
in and responsible for biofilm resistance to antibiotics.

Superresistant cells. The detailed dose-response killing ex-
amination of biofilms reported in this study allowed us to
detect the presence of a subpopulation of cells that show little
sensitivity to quinolones and are responsible for a characteris-
tic “plateau” on the killing plot. Not much has been published
on dose-response killing of microbial biofilms due to the lack
of a convenient susceptibility test, but the few existing studies
report a pattern of killing that is very similar to our observa-
tions. In E. coli, increasing concentrations of ciprofloxacin or
imipenem caused an initial decrease in live cells of a biofilm by
2 to 3 orders of magnitude, while the remaining small popu-
lation was essentially insensitive to a further increase in drug
concentration (3). This pattern was also observed with amoxi-
cillin and clindamycin in Lactobacillus acidophilus, and with
erythromycin and metronidazole in the case of Gardnerella
vaginalis biofilms, where initial rapid killing was followed by a
plateau of resistant cells (28). To our knowledge, the phenom-
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FIG. 3. Killing of P. aeruginosa biofilms by ofloxacin (Oflx) and tobramycin (Tobra). Conditions were as described for Fig. 1. PAO-JP1 is a las] mutant defective

in the production of HSL, and PAOL1 is the wild-type parent strain.
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enon of superresistant cells in the biofilm has not been dis-
cussed. With a number of other antibiotics, the initial killing
was more gradual due to high resistance of the bulk of the cells,
and no plateau was observed. This is to be expected—a super-
resistant fraction will show up only if the majority of cells are
distinctly more sensitive. It appears that four different micro-
organisms tested with a number of unrelated drugs behave very
similarly, showing a rapid decline of the bulk of the population
in response to an increase in a potent antibiotic and a resistant
subpopulation. It thus seems that the biofilm employs a dual
strategy for survival—expression of energy-dependent resis-
tance mechanisms like MDRs in the active cells that make
up the majority of the population, and (possibly) passive
resistance of a superresistant subpopulation. Superresistant
cells are ultimately responsible for the very high levels of
biofilm resistance, at least in the cases discussed above.
Unlike planktonic cells, where a small remaining population
would be eliminated by the immune system, biofilm cells are
protected by the matrix (17), and remaining superresistant
cells will be responsible for biofilm regrowth after treatment
with an antibiotic. Elucidating the nature of these superre-
sistant cells is a formidable challenge, since they make up
only a small part of the total population. However, their
importance in biofilm survival will undoubtedly drive the
effort to understand the mechanisms of their remarkable
resistance.
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ADDENDUM

After this paper was submitted, a study by Aires and co-
authors (2) reported that OprM is part of another MDR,
MexXY, that extrudes aminoglycosides. We did not find sig-
nificant differences in killing by tobramycin between cells ex-
pressing and lacking OprM; one substantial difference between
our conditions and those of Aires et al. was that large amounts
of divalent metals were included in the media in the latter
study, which could have affected OprM and/or MexXY.
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