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The lungs of cystic fibrosis (CF) patients are commonly colonized with Pseudomonas aeruginosa biofilms.
Chronic endobronchial P. aeruginosa infections are impossible to eradicate with antibiotics, but intensive
suppressive antibiotic therapy is essential to maintain the lung function of CF patients. The treatment often
includes (3-lactam antibiotics. How these antibiotics influence gene expression in the surviving biofilm popu-
lation of P. aeruginosa is not clear. Thus, we used the microarray technology to study the effects of subinhibitory
concentrations of a 3-lactam antibiotic, imipenem, on gene expression in biofilm populations. Many genes
showed small but statistically significant differential expression in response to imipenem. We identified 34
genes that were induced or repressed in biofilms exposed to imipenem more than fivefold compared to the
levels of induction or repression for the controls. As expected, the most strongly induced gene was ampC, which
codes for chromosomal (3-lactamase. We also found that genes coding for alginate biosynthesis were induced
by exposure to imipenem. Alginate production is correlated to the development of impaired lung function, and
P. aeruginosa strains isolated from chronically colonized lungs of CF patients are nearly always mucoid due to
the overproduction of alginate. Exposure to subinhibitory concentrations of imipenem caused structural
changes in the biofilm, e.g., an increased biofilm volume. Increased levels of alginate production may be an

unintended adverse consequence of imipenem treatment in CF patients.

Pseudomonas aeruginosa is a ubiquitous environmental bac-
terium and an opportunistic human pathogen, showing great
adaptability and metabolic versatility (17, 36, 46). Chronic
bronchopulmonary infection with P. aeruginosa is the major
factor leading to the increased morbidity and premature mor-
tality seen in patients with cystic fibrosis (CF) (26). The estab-
lishment of biofilms by alginate-producing P. aeruginosa strains
is the most common mode of growth in CF patients with
chronic lung infections, with the biofilms providing a protected
environment against the host immune system and a number of
antibiotics (1, 4, 15, 23). The presence of P. aeruginosa strains
with the mucoid phenotype in CF patients with chronic lung
infections is a marker of a poor prognosis (20). Endobronchial
chronic infections caused by the mucoid, alginate-producing
phenotype of P. aeruginosa are impossible to eradicate with
antibiotics (40). The MICs of antimicrobial agents can be in-
creased 100- to 1,000-fold when bacteria grow in biofilms (33).
However, planktonic bacteria dispersed from a biofilm usually
no longer demonstrate increased levels of resistance to antibi-
otics, suggesting that the mode of growth is of major impor-
tance (45). The switch from the nonmucoid to the mucoid
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phenotype may provide profound advantages to the bacteria
growing in biofilms, such as increasing their levels of resistance
to antibiotics (such as tobramycin) and protecting them against
the host immune system (30, 35, 44, 52).

By aggressive antibacterial chemotherapy it is possible to
suppress the growth of and the damage caused by P. aeruginosa
in the lungs of chronically infected CF patients. Although it is
not possible to eradicate P. aeruginosa, antibiotic therapy con-
tributes to the maintenance of lung function for decades (24,
25). Therefore, the development of antibiotic resistance in P.
aeruginosa is of great therapeutic concern. Antipseudomonal
B-lactam antibiotics are widely used for the treatment of lung
infections in CF patients. Unfortunately, the development of
resistance to these drugs is a common problem (8). Resistance
to B-lactam antibiotics is mainly due to stable derepression of
chromosomal B-lactamase (13, 14, 31). However, the mecha-
nisms leading to stable derepression of chromosomal B-lacta-
mase in P. aeruginosa are not completely understood. We pre-
viously identified a new insertion sequence located in ampD, a
negative regulator of ampC chromosomal B-lactamase expres-
sion, which caused stable derepressed levels of AmpC B-lacta-
mase in clinical isolates of P. aeruginosa from patients with CF
(2). Our results also suggested that multiple pathways might
lead to increased levels of antimicrobial resistance due to chro-
mosomal B-lactamase, as we registered increased levels of re-
sistance to B-lactam antibiotics due to chromosomal B-lacta-
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mase, although we found no changes in ampD, ampC, or the
transcriptional regulator ampR.

Little is known about the transcriptional regulation of
AmpC in P. aeruginosa, e.g., whether the transcription of
ampD is affected by the exposure to B-lactam antibiotics. In
addition, it is not known whether expression of other genes
(which do not affect ampC expression) is affected in a multi-
functional response to B-lactam antibiotics. The responses to
B-lactam antibiotics of biofilm bacteria versus those of cultured
planktonic bacteria may reveal distinct differential expression
profiles that are reflected by the two modes of growth. We have
used the microarray technology to profile the average tran-
scriptome of P. aeruginosa cells growing in biofilms versus that
of planktonic P. aeruginosa cells exposed to imipenem.

MATERIALS AND METHODS

Strains and growth conditions. P. aeruginosa strain PAO1 was used in this
study. The growth medium (minimal medium) consisted of 0.5% NH,CI, 0.25%
Nacl, 0.025% MgSO, - TH,,0, 0.015% KH,PO,, 1.5% morpholinepropanesulfo-
nic acid buffer (pH 7.0), nonchelated trace elements (51), and 0.02% Casamino
Acids as the carbon source.

Biofilms were grown in silicone tubes (inner diameter, 6 mm) in a once-
flowthrough system at 37°C. The flow velocity was 48 ml/h and was controlled
with a peristaltic pump (Watson-Marlow, Falmouth, England). The tubing was
inoculated with a culture at an optical density at 600 nm (ODj) of 0.06, with the
tube filled with a syringe. The flow was initiated after 1 h. For the microarray
experiments biofilm material from a 10-cm tube section was harvested after 1, 2,
or 3 days. The biofilm material contained from 10'? to 10'> CFU, as determined
by plate counting techniques. P. aeruginosa cells growing in biofilms were ex-
posed to imipenem (1.0 pg/ml; Tienam; Merck & Co., Inc., Rahway, N.J.) for 7 h,
whereupon the bacteria were harvested. To remove the biofilm from a tube, the
tube was squeezed by rolling a pencil on the outside, which easily loosened the
biofilm.

Small-scale chemostats were used for planktonic chemostat cultures. The
chemostats contained 100 ml of medium and a final cell density of about 10®
CFU/ml. The generation time was 5 h at a flow rate of 20 ml/h, and the
temperature was 37°C. The chemostats were aerated by bubbling filtered air into
the system. The system was inoculated with 6 X 10° CFU, and after 1 h the flow
was initiated. After 48 h the bacteria were harvested from the chemostats, which
contained approximately 10'° cells, as determined by plate counting techniques
and measurement of the ODy.

To study the effect of imipenem on gene expression by planktonic bacteria,
imipenem was added to the chemostats at a final concentration of 0.2 wg/ml,
equivalent to no more than 1/10 the MIC (imipenem MIC for strain PAO1, 2 to
4 pg/ml). Bacteria were exposed to imipenem for 7 h. The concentrations of
imipenem for the experiments with planktonic cells as well as the biofilms were
chosen because these levels did not affect bacterial growth.

Imipenem stability. The chemical stability of imipenem was evaluated by
measuring the concentration by a microbiological method previously described
by Lautrop et al. (29) with Streptococcus sp. strain EB68 grown on Danish blood
agar (State Serum Institute, Copenhagen, Denmark).

Microarray experiments and analyses. Bacteria from tube biofilms or chemo-
stats were immediately mixed with RNAprotect Bacteria Reagent (Qiagen), and
the stabilized RNA was isolated according to the manufacturer’s protocol of
enzymatic lysis with mechanical disruption. Subsequently, the RNA was purified
with an RNeasy Mini kit (Qiagen), including On-Column DNase digestion (Qia-
gen). The eluted RNA was further treated with DNase I for 1 h at 37°C (0.06 U
per pg of RNA) by using the DNA-Free kit (Ambion). To optimize the final
RNA purity, purification with the RNeasy Mini kit was repeated. The quality of
the purified total RNA was analyzed by separating glyoxylated RNA samples by
agarose gel electrophoresis by use of the Northern Max-Gly Gel system (Am-
bion).

c¢DNA synthesis was performed as described in the protocol (version 2) for the
Affymetrix GeneChip P. aeruginosa Genome Array with 12 g of total RNA as
the starting material. Spiked transcripts (provided by Stephen Lory, Harvard
University, Boston, Mass.) that included RNA from Saccharomyces cerevisiae,
Bacillus subtilis, and Arabidopsis thalia were added for the cDNA synthesis.
cDNA synthesis, fragmentation, labeling, hybridization on the GeneChip, wash-
ing, staining, and scanning were done by the Affymetrix protocol.
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Affymetrix Microarray Software Suite, version 5.0 (MAS 5.0), was used for
initial data analyses. To facilitate reliable comparison of the data from indepen-
dent experiments, the signals on each GeneChip were scaled to an average target
signal intensity of 2,500. The statistical algorithm of MAS 5.0 calculates a de-
tection P value for each probe set on the chip, and on the basis of this P value the
program assigns a call of present, marginal, or absent.

The data processed in MAS 5.0 were used for further statistical tests in the
data-processing program Data Mining Tool (Affymetrix). ¢ tests (P < 0.05,
two-tailed distribution, two-sample and unequal variances) were performed on
the signal intensities obtained for each gene of the additional replicates per-
formed for each group (control versus treated samples). Thus, for each gene the
t test analysis includes the mean and the variance for the two groups and
calculates the probability that they were sampled from the same distribution. The
t test assumes that the variance across the replicates shows a relatively normal
distribution, as we performed the ¢ test with linear data. We have tested this, and
the signal values from the chips appeared to be normally distributed. Replicates
were done as biological replicates; i.e., the whole biological experiment was
repeated. The fold change ratio for each gene was calculated from the average
signal for the control replicates versus that for the imipenem-exposed replicates.
A cutoff value of more than twofold was chosen to list the genes (loci) showing
induction and repression due to exposure to imipenem. All genes showing dif-
ferential expression were checked for expression levels above the lower detection
level of the chips (present calls).

Real-time PCR. The specific genes shown by the GeneChip microarray exper-
iments to be differentially expressed due to imipenem treatment were verified by
real-time PCR. For the real-time PCR, new cDNA was synthesized from total
RNA as described above. The total RNA preparation was the same as that used
for the microarray experiments. Thus, the verification objective was of a technical
and not of a biological nature. For real-time PCR the SYBR Green PCR master
mixture was used according to the protocol of the manufacturer (Applied Bio-
systems). Gene-specific primers for the real-time PCR were designed by using
Primer Express software (Applied Biosystems). No TagMan probes were used.
The reference gene used for the real-time PCR was ampR. The real-time PCR
experiments were performed in triplicate.

We used a model 7000 thermal cycler (Applied Biosystems); and the thermal
cycling parameters were 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and
1 min at 60°C, according to the protocol of Applied Biosystems.

To control for nonspecific amplification in the real-time PCR, dissociation
profiles were determined according to the protocol of the manufacturer (Applied
Biosystems). This procedure thus identified nonspecific amplification products
showing differences in melting temperatures.

Chemical and enzymatic assays. Verification of increased levels of alginate
expression in treated samples was done by use of the uronic acid assay, as
described previously (28). The experimental setup for these experiments in-
cluded biofilms grown in silicone tubes. However, for these experiments, 1-m-
long silicone tubes were used, and the treated biofilm was exposed to imipenem
(1.0 pg/ml) for 24 h from day 2 to 3. The biofilms were harvested on day 3, and
small aliquots were used for plate counting to determine the numbers of CFU.
The cells were pelleted (15,000 X g, 15 min, 4°C); and the pellet was resuspended
in 10 ml of 0.4 M NaCl, homogenized moderately for 1 min, and stirred on a
magnetic stirrer for 2 h (at 4°C) to extract exopolysaccharides from the cells.
Finally, the cells were pelleted (10,000 X g, 30 min, 4°C), and the levels of uronic
acids in the supernatant were subsequently measured.

B-Lactamase activity was measured spectrophotometrically by using nitrocefin
(51.6 pg/ml) as the substrate, as described previously (13, 39). Samples of bac-
teria for B-lactamase measurements were collected and were immediately pre-
pared for the nitrocefin assay, without a time delay.

Flow-cell biofilms. Biofilm architecture was studied by using flow cells at 30°C
in a setup previously described by Christensen et al. (6). The dimensions of the
flow-cell chamber were 0.3 by 4.0 by 40 mm, and minimal medium was supplied
at a constant flow rate of 3 ml/h with a peristaltic pump (Watson-Marlow). The
minimal medium used contained 1 mM MgCl,, 0.1 mM CaCl,, nonchelated trace
elements (51), 2 g of (NH,),SO, per liter, 6 g of Na,HPO, - 2H,O per liter, 3 g
of KH,PO, per liter, 3 g of NaCl per liter, and 0.01% glucose. An exponentially
growing culture was diluted to an ODyg of 0.1 and was inoculated into the flow
cell with a syringe. The flow was initiated after 1 h. The flow-cell channels were
exposed to imipenem (0.5 pg/ml) for 0, 18, or 37 h. On day 5 the biofilms were
stained with cell-permeant nucleic acid stain SYTO 62 (Molecular Probes) and
examined for structural changes by scanning confocal laser microscopy (model
TCS4D scanning confocal laser microscope; Leica Lasertechnik GmbH, Heidel-
berg, Germany), with image acquisition and quantitative image analysis per-
formed with the computer program COMSTAT (Technical University of Den-
mark, Lyngby, Denmark) (22). For the visualization of polysaccharides such as



TABLE 1. Effects of imipenem on genes of P. aeruginosa growing in biofilms®

Fold change in expression level (P value)®

Gene no.” Description
Day 1 Day 2 Day 3

0102 Carbonic anhydrase 5.9 (1.2E-2) 2.5 (6.7E-3) 1.4 (2.1E-1)
0320 Hypothetical protein 24.4 (7.2E-2) 8.8 (6.1E-3) 8.4 (9.6E-2)
0327 Hypothetical protein 5.3 (2.2E-2) 3.3 (3.7E-2) 2.3 (1.5E-1)
0376 rpoH, sigma factor 2.1 (2.9E-2) 1.1 (3.1E-1) 1.3 (1.5E-2)
0464 creC, two-component sensor 2.2 (1.3E-2) A? 1.0 (9.7E-1)
0465 creD, inner membrane protein 4.4 (1.0E-1) 9.8 (1.2E-2) 9.9 (9.8E-2)
0466 Hypothetical protein 5.0 (8.6E-2) 7.0 (3.5E-2) 8.7 (8.6E-2)
0755 Probable porin 1.2 (5.3E-1) 6.6 (2.1E-3) 5.5 (8.4E-2)
0762¢ algU, sigma factor 2.0 (1.6E-2) 1.7 (1.1E-2) 1.8 (4.4E-2)
0763 mucA, anti-sigma factor 2.0 (4.9E-3) 1.7 (1.4E-3) 1.8 (1.1E-1)
0764 mucB, regulator, alginate biosynthesis 2.2 (1.8E-2) 1.5 (3.1E-1) 1.3 (2.3E-1)
0765 mucC, regulator, alginate biosynthesis 2.4 (1.9E-3) 1.1 (8.0E-1) 1.2 (3.7E-1)
1071 braF, amino acid transport protein —5.5 (1.0E-1) —1.1 (6.0E-1) 1.5 (4.2E-2)
1078 figC, flagellar basal-body rod protein —5.0 (8.4E-3) —1.7 (1.8E-2) —2.3(2.2E-1)
1079 flgD, flagellar basal-body rod protein -39 (2.2E-2) —1.7 (7.8E-3) —2.6 (2.2E-1)
1080 [figE, flagellar hook protein —4.1 (6.2E-4) —1.5(1.8E-1) —2.4 (3.0E-1)
1081 figF, flagellar basal-body rod —2.8 (3.6E-2) —1.6 (3.1E-2) —2.6 (2.2E-1)
1084 flgl, flagellar P-ring protein -22(1.2E-2) —1.4 (1.6E-1) —2.2 (1.6E-1)
1178 oprH, outer membrane protein H1 precursor 6.1 (1.2E-3) 5.0 (4.1E-4) 3.2 (3.5E-2)
1179 phoP, two-component regulator 5.1(1.3E-1) 2.1 (1.1E-3) 2.3 (1.5E-2)
1180 phoQ, two-component sensor 4.1 (4.6E-2) 2.5 (1.0E-2) 1.2 (4.4E-1)
1673 Hypothetical protein —5.5 (2.0E-2) —-1.3 (2.2E-1) 1.0 (9.8E-1)
2247 bkdA1l, 2-oxoisovalerate dehydrogenase —5.5 (3.6E-2) -1.2(3.3E-1) 1.0 (8.6E-1)
2248 bkdA2, 2-oxoisovalerate dehydrogenase —5.0 (1.8E-2) —1.1(5.1E-1) 1.0 (9.1E-1)
2367 Hypothetical protein —5.3(5.2E-4) —1.1(7.8E-1) 1.2 (6.4E-1)
2441 Hypothetical protein 1.5 (1.8E-1) 24 (2.3E-2) 5.6 (4.0E-3)
2513 antB, anthranilate dioxygenase subunit —5.8 (1.8E-2) 1.0 (9.8E-1) -1.2 (5.0E-1)
2658 Hypothetical protein 5.0 (1.7E-2) 2.4 (1.5E-3) 2.2 (8.0E-3)
2659 Hypothetical protein 7.2 (7.5E-3) 3.4 (2.9E-4) 3.3 (4.0E-2)
2760 Probable outer membrane protein —5.0 (4.6E-2) —1.1(5.6E-1) 1.4 (3.0E-2)
3540 algD, GDP-mannose 6-dehydrogenase 11.1 (1.1E-1) 10.5 (5.7E-3) 3.6 (1.3E-1)
3541 Alginate biosynthesis protein 2.8 (2.2E-2) 4.8 (2.4E-2) A
3542 Alginate biosynthesis protein 4.9 (8.6E-2) 3.8 (2.5E-4) A
3543 algK, alginate biosynthetic protein 13.6 (2.0E-1) A A
3544 algE, outer membrane protein 3.3 (5.3E-2) 3.7 (1.6E-3) A
3545 algG, alginate-c5-mannuronan-epimerase 4.1 (7.3E-2) 6.0 (3.4E-4) A
3546 algX, alginate biosynthesis protein 4.2 (1.8E-2) 3.3 (3.8E-3) A
3547 algL, poly(beta-D-mannuronate) lyase 5.6 (9.6E-2) 3.0 (1.5E-3) 1.3 (4.1E-1)
3548 algl, alginate O-acetyltransferase 2.8 (8.2E-2) 2.8 (6.3E-3) A
3549 alg], alginate O-acetyltransferase 6.5 (2.6E-2) 2.8 (6.2E-4) A
3550 algF, alginate O-acetyltransferase 17.3 (4.1E-2) 10.0 (3.8E-3) 3.5(2.1E-2)
3551 algA, phosphomannose isomerase 5-diphospho-D-mannose 8.6 (5.0E-2) 4.2 (3.6E-5) 2.9 (9.9E-4)

pyrophosphorylase
3554 Hypothetical protein 5.1 (4.9E-2) 1.5 (9.0E-2) 1.4 (3.3E-1)
3559 Probable nucleotide sugar dehydrogenase 5.9 (1.7E-2) 1.9 (3.8E-2) 2.0 (1.1E-2)
3569 mmsB, dehydrogenase —6.9 (9.6E-3) —1.7 (1.2E-2) —1.1 (5.0E-1)
3790 oprC, outer membrane protein -53(1.3E-2) —1.2 (6.7E-1) 1.3 (1.9E-1)
4110 ampC, B-lactamase precursor 67.0 (9.5E-3) 86.0 (5.5E-4) 150.5 (3.3E-3)
4111 Hypothetical protein 18.8 (6.4E-4) 13.0 (1.1E-3) 14.8 (1.9E-2)
4112 Probable sensor-response regulator 2.3 (6.9E-3) 1.2 (9.7E-2) 1.4 (2.6E-1)
4306 Hypothetical protein —6.5 (1.9E-2) —1.1(7.9E-1) —1.1(8.7E-1)
4407 JtsZ, cell division protein 1.3 (1.9E-1) 2.5 (7.3E-3) 2.7 (1.9E-4)
4408 JtsA, cell division protein 1.7 (3.4E-2) 2.1 (8.1E-5) 2.2(2.3E-2)
4409 JtsQ, cell division protein 1.3 (1.6E-1) 2.3 (1.2E-5) 1.9 (9.3E-3)
4410 ddIB, p-alanine-D-alanine ligase 1.3 (3.0E-1 2.3 (7.0E-3) 2.2 (45E-2)
4411 murC, UDP-N-acetylmuramate—alanine ligase 1.1 (2.3E-1) 2.5 (3.5E-3) 2.0 (1.6E-2)
4412 murG, transferase 1.5 (2.1E-1) 2.4 (1.9E-3) 2.6 (1.2E-2)
4413 JtsW, cell division protein 1.2 (2.6E-1) 2.0 (3.9E-3) 2.5 (4.8E-4)
4414 murD, UDP-N-acetylmuramate-D-glutamate ligase 1.1 (1.5E-1) 2.1 (4.5E-4) 2.4 (1.8E-3)
4415 mraY, phospho-N-acetylmuramate-peptidyl transferase 1.2 (2.9E-1) 2.1 (1.3E-4) 2.1 (3.1E-3)
4416 murF, UDP-N-acetylmuramate-D-glutamyl- 1.2 (5.8E-2) 2.6 (2.3E-4) 2.1 (4.1E-3)

diaminopimelate—D-alanyl-D-alanyl ligase
4417 murE, UDP-N-acetylmuramoylalanyl-D-glutamate- 1.1 (3.2E-1) 2.3 (2.7E-3) 2.1 (7.7E-3)

diaminopimelate ligase
4419 JtsL, cell division protein 1.0 (8.9E-1) 2.4 (1.9E-3) 2.6 (7.3E-3)
4420 Hypothetical protein 1.1 (5.2E-1) 2.1 (1.6E-2) 2.1 (4.7E-3)
4421 Hypothetical protein —1.1 (3.6E-1) 2.2 (9.9E-4) 1.9 (8.4E-3)
4507 Hypothetical protein —6.9 (1.7E-2) —2.1(1.9E-2) —1.6 (1.1E-1)
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TABLE 1—Continued
Fold change in expression level (P value)®
Gene no.? Description
Day 1 Day 2 Day 3

4525 PpilA, type 4 fimbrial precursor —8.1 (3.5E-2) —-1.8 (1.1E-1) -1.9 (2.9E-1)
4526 pilB, type 4 fimbrial biogenesis protein —3.0 (2.7E-2) —1.3 (2.2E-1) —1.5 (1.8E-1)
5040 pilQ, type 4 fimbrial biogenesis protein —2.5(1.7E-2) -1.2 (3.3E-1) 1.1 (5.9E-1)
5041 pilP, type 4 fimbrial biogenesis protein —3.1 (1.6E-2) —1.1 (5.5E-1) —1.0 (8.7E-1)
5042 pilO, type 4 fimbrial biogenesis protein —2.3 (6.0E-3) -1.2 (1.8E-1) 1.1 (4.9E-1)
5044 pilM, type 4 fimbrial biogenesis protein —2.1 (4.7E-2) —1.1 (4.9E-1) 1.2 (4.1E-1)
5170 arcD, arginine-ornithine antiporter =5.7 (2.3E-3) —1.4 (1.2E-1) —1.0 (9.4E-1)
5182 Hypothetical protein 6.0 (2.2E-2) 3.5 (9.9E-4) 2.7 (2.2E-3)
5261° | algR, alginate biosynthesis regulatory protein 1.9 (1.2E-1) 1.3 (1.9E-1) 1.4 (2.0E-1)
5262°¢ algZ, alginate biosynthesis protein 1.5 (2.8E-1) 1.2 (4.3E-2) 1.3 (2.0E-1)
5322¢ algC, phosphomannomutase 1.8 (1.3E-2) 1.4 (4.6E-2) 1.4 (2.9E-2)

“ The table includes only a fraction (76 of 336) of the genes differentially expressed in response to imipenem. The complete list of all 336 differentially expressed genes

is available at http://www.immi.ku.dk/bagge-arrays2003.

® Gene number from the P. aeruginosa genome project (http://www.pseudomonas.com). Genes indicated in boldface are mentioned in the text. Arrows indicate the

transcriptional orientations of the operons of interest.
°E, X 10 (e.g., 1L.2E-2 = 1.2 X 107?).

@A, MAS 5.0 indicated that the signal was absent; i.e., the levels of expression were below the lower detection level of the chip.
¢ The gene was not significantly differentially expressed more than twofold on day 1, 2, or 3; but the trend for the gene may be of interest.

alginate in the P. aeruginosa biofilms, fluorescence-labeled lectins were applied
as described previously (47). The lectin concanavalin A (ConA) was conjugated
with fluorescein isothiocyanate (FITC). The conjugate was prepared in phos-
phate buffer (1 mg/ml; pH 7.5) and was stored at —20°C. Prior to use the lectin
solution was diluted 10 times in the growth medium and was used to stain the
biofilm. The flow was initiated after 15 min of staining in the flow cell, and image
analysis was performed by scanning confocal laser microscopy after 20 min. The
P. aeruginosa strains used in the flow-cell experiments were PAO1 and mucoid
strain PAO300, a mucA22 derivative of PAO1 that constitutively overproduces
alginate (35).

RESULTS

Assessment of variability in microarray experiments. To
best design the protocol for our microarray analyses we studied
the expression of ampC in response to imipenem. The expres-
sion of chromosomal ampC was expected to be highly induced
by imipenem, as even low concentrations of this carbapenem
B-lactam antibiotic cause strong induction of AmpC B-lacta-
mase (27, 41). The maximum level of B-lactamase production
in planktonic cell cultures of PAO1 was in the presence of
imipenem at a concentration of 2 pg/ml. An imipenem con-
centration of 0.5 pg/ml affected the growth of planktonic
PAOL, but no inhibition was observed at 0.2 pg/ml (data not
shown).

The imipenem concentration used for the tube biofilm ex-
periments, 1.0 pg/ml, was below the imipenem MIC and did
not affect the number of CFU after 7 h of exposure in a
3-day-old biofilm (data not shown). PAO1 grown in a biofilm
and exposed to 1.0 pg of imipenem/ml produced the maximum
level of B-lactamase after about 10 h, followed by a decline
(data not shown). At 7 h after induction, B-lactamase activity
was increased about 150-fold compared to that for a nonin-
duced 3-day-old biofilm. The decreased level of production of
B-lactamase after >10 h may be due to the destabilization of
imipenem at 37°C, as we found the half-life of imipenem to be
approximately 16 h. Thus, the concentration of imipenem may
be reduced to 0.64 pg/ml after 10 h, causing a reduced level of
induction. Imipenem stability studies indicate that it has a
half-life of 1.68 days at 23°C and neutral pH (49). Exposure to
light does not affect the stability of imipenem (49).

In our microarray analyses, the main objective was to dis-
cover genes whose expression was affected by imipenem expo-
sure. We would prefer false-positive to false-negative results
for three reasons: (i) the results from our array experiments
are intended to be a guideline for the identification of genes
affected by exposure to -lactam antibiotics, (ii) the results for
particular genes should be verified by other techniques before
final conclusions are made, and (iii) common trends in gene
expression profiles for genes in an operon can increase the
probability of true-positive results for such genes. These con-
siderations constituted the background for performing ¢ tests
based on a P value of 0.05 in our analyses.

To assess the degree of false positivity actually present in the
expression profiles, we performed analyses to estimate the
biological and technical variabilities of the microarray experi-
ments. The microarray experiments were based on two to six
replicates for each condition. We performed an assessment of
assay variability on the basis of two-by-two experiments, all of
which were performed in the absence of imipenem, i.e., non-
exposed biofilm experiments. In each case the growth and
harvesting of P. aeruginosa cells growing in biofilms were fol-
lowed by the independent preparation of RNA, cDNA synthe-
sis, and hybridization with the GeneChip. The GeneChip data
were grouped into those for two chips for group 1 (control
group 1 [CG1]) and two chips for group 2 (control group 2
[CG2]). A preliminary sorting was carried out by sorting the
genes assigned by MAS 5.0 as absent or marginal calls for more
than two of the four chips. A similar stringency in the sorting
process was performed for the experiments with imipenem
versus the control experiments. The proportion of genes on
each chip with absent and marginal calls constituted from 25 to
35% of all genes. Then, the average signal was calculated for
each group, and the fold change between the two sets of data
was determined for each gene. A ¢ test was performed to
estimate the probability of obtaining identical average signals
for CG1 and CG2. Even before the ¢ test, only 210 (3.8%) of
the genes showed more than apparent twofold differences in
levels between CG1 and CG2. However, the ¢ test further
reduced this number to only five genes, constituting only 0.09%
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FIG. 1. Genes of P. aeruginosa growing in biofilms which were up- or downregulated more than fivefold in response to imipenem (1.0 pg/ml).

Only genes of assigned function are shown.

of the genes on the chip. Thus, by using a twofold cutoff level
for differential gene expression in duplicate experiments, the
frequency of false-positive results was approximately 0.1%.

Differentially expressed genes in P. aeruginosa cells growing
in biofilms in response to imipenem. Microarray experiments
with P. aeruginosa cells grown in biofilms in silicone tubes were
carried out on days 1, 2, and 3 after inoculation of the biofilm.
The biofilm contained approximately 10'° and 102 CFU/
10-cm tube on days 1 and 3, respectively. Biofilm experiments
were done in duplicate on day 1, in six replicates on day 2, and
in triplicate on day 3. It should be emphasized that each rep-
licate included a new additional biofilm experiment as well as
a new GeneChip assay.

For P. aeruginosa cells growing in biofilms and exposed to
imipenem, 336 genes were induced or repressed at least two-
fold, and the P value from the ¢ test was less than 0.05 on at
least 1 of the 3 days. A complete table including all 336 genes

is available at http://www.immi.ku.dk/bagge-arrays2003. Table
1 includes 76 differentially expressed genes organized in known
or putative operons, genes induced or repressed more than
twofold, or genes of special interest. The gene showing the
strongest differential expression on days 1, 2, and 3 was ampC.
On day 3, imipenem exposure for 7 h induced ampC expression
150-fold. Of the 336 genes that were induced or repressed at
least twofold due to imipenem exposure, only 34 genes were
induced or repressed more than fivefold (Table 1). The algD to
algA gene cluster was induced more than 10-fold, although this
was less distinctive on day 3 than on days 1 and 2 (Table 1). On
day 3, the hybridization signals of several alginate genes were
absent or marginal. However, no significant differences in the
levels of expression of the alginate genes were found in the
noninduced biofilms when the levels of expression on days 1, 2,
and 3 were compared. Genes of assigned function that were
induced or repressed more than fivefold are illustrated in Fig.
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FIG. 2. Verification of GeneChip microarray results by real-time PCR (RT-PCR). The average fold changes in gene expression due to exposure

to imipenem on days 1, 2, and 3 are shown.

1. As supported by the data in Table 1, Fig. 1 illustrates that the
individual genes present in an operon, such as the alginate
operon, in most cases revealed similar responses, although
differences in the magnitudes of differential expression within
the operon were seen.

The algU-mucABC gene cluster (PA0762 to PA0765), which
encodes a sigma factor, an anti-sigma factor, and regulators of
the algD to algA gene cluster, was slightly induced by imipenem
(Table 1) (42, 43). The AlgU polypeptide is a member of the
sigma E-like family of stress sigma factors (42). AlgU activates
transcription of rpoH (PA0376), which encodes a sigma factor,
RpoH, that affects the expression of other systems participat-
ing in defense against temperature and oxidative stresses (16).

Exposure to imipenem caused a slightly increased level of
expression of rpoH (just above twofold) on day 2.

The expression of flagellum-encoding genes figC to figl
(PA1078 to PA1084) was repressed up to fivefold due to ex-
posure to imipenem, but the repression was the most signifi-
cant in the younger biofilm. Also, the pilus-encoding genes
pilA, pilB, and pilM to pilQ (PA5044 to PA5040) were down-
regulated; again, this was most significant in the younger bio-
film. Genes involved in cell division and the peptidoglycan
biosynthetic pathway (PA4421 to PA4407) were induced by
imipenem by approximately twofold in the 2- and 3-day-old
biofilms. Genes other than ampC previously reported to en-
code genes influencing B-lactamase production, i.e., ampR,
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FIG. 3. Expression of algU, algD, ampC, and creD genes in the presence of increasing concentrations of imipenem measured by real-time PCR.
Each experiment was done in duplicate. The data are presented as means, and error bars represent 95% confidence intervals. In all four charts,
the expression levels are normalized to the level of expression of the noninduced biofilms.

ampD, ampG, and, possibly, ampE, were found to be con-
stantly expressed in the presence and absence of imipenem.

Verification of microarray results by real-time PCR. Real-
time PCR was used to verify the gene expression results for
selected genes obtained by the microarray experiments. Four
genes were selected for real-time PCR: algU, algD, ampC, and
creD. The result for each sample of total RNA (from all rep-
licates) used for GeneChip microarray analyses was verified by
real-time PCR. The results correlated with the gene expression
results from the microarray experiments (Fig. 2). Repeat of the
whole real-time PCR procedure, i.e., reverse transcription and
the real-time PCR assay, showed assay-to-assay variations in
the range of 2 to 25%. The ampR gene was chosen as a
reference gene for real-time PCR. The average signal intensity
of ampR was 1,319 + 81 (P = 0.05).

Gene expression versus concentration of imipenem. A sub-
inhibitory concentration of imipenem (1.0 pg/ml) was chosen
for use in the microarray experiments to avoid any growth-
related effects on gene expression (MICs, 2 to 4 pg/ml). How-
ever, clinically, we intend to expose P. aeruginosa to higher

concentrations of imipenem. Genes that were marginally af-
fected by imipenem in our microarray experiments could ac-
tually be significantly affected by higher concentrations of imi-
penem. Figure 3 shows the real-time PCR results for P.
aeruginosa cells growing in biofilms exposed to imipenem at 0,
0.2, 1.0, or 10.0 pwg/ml. Imipenem was administered for 7 h at
day 2. Besides algU, algD, and ampC, the experiments also
included the gene for an inner membrane protein, creD. The
results for algU, algD, and ampC showed that the level of gene
expression in the presence of the highest imipenem concentra-
tion, 10 wg/ml, was not significantly higher than the level at 1.0
pg/ml. For creD, the level of expression in the presence of
imipenem at 10 pg/ml was threefold higher than that in the
presence of the drug at 1.0 wg/ml. Comparison of the levels of
expression in the presence of imipenem at 0, 0.2, and 1.0 p.g/ml
showed a correlation between the level of imipenem and the
level of gene expression.

Imipenem increases the level of alginate production. The
increased levels of expression of alginate genes in the microar-
ray experiments indicated that PAO1 cells growing in biofilms
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FIG. 4. Ethanol precipitation of exopolysaccharides from a P.
aeruginosa biofilm exposed to imipenem (1.0 pg/ml) (left) compared to
that for a nonexposed biofilm (right). The biofilm was exposed to
imipenem for 24 h. Uronic acid assay measurements verified the in-
creased levels of production of uronic acids from the imipenem-ex-
posed P. aeruginosa biofilm, showing an approximately 20-fold higher
level of uronic acids.

might have increased levels of alginate production in the pres-
ence of imipenem. To quantify the amount of alginate in P.
aeruginosa cells growing in biofilms, we performed an uronic
acid assay with cells from biofilms exposed to imipenem (1.0
pg/ml) for 24 h and noninduced biofilms. The 24-h induction
was intended to maximize the production of alginate in re-
sponse to imipenem exposure. The results showed a 20-fold
higher level of alginate in the biofilm matrix of the imipenem-
exposed PAOL1 biofilms than in the control biofilms. Precipi-
tates of the extracted exopolysaccharide matrix showed a clear
difference between the noninduced and the imipenem-induced
biofilms (Fig. 4). However, P. aeruginosa from imipenem-ex-
posed biofilms subsequently cultured on nonselective Luria-
Bertani agar plates did not demonstrate a mucoid phenotype.

Differentially expressed genes in planktonic P. aeruginosa in
response to imipenem. Planktonic P. aeruginosa cells for mi-
croarray experiments were cultured in chemostats. The gene
expression results for cells exposed to imipenem (0.2 pg/ml)
for 7 h compared to those for cells that were not exposed from
experiments performed in quadruplicate are presented in Ta-
ble 2. The ampC gene and PA2659 were the only genes that
were significantly induced (i.e., more than twofold; P < 0.05) in
response to imipenem. We also included in Table 2 the results
for a number of genes, even though they did not fulfill these

ANTIMICROB. AGENTS CHEMOTHER.

criteria, as we wanted to observe the trends in differential gene
expression of those genes from experiments with planktonic
cells compared with the results obtained for the P. aeruginosa
cells growing in biofilms and exposed to different concentrations
of imipenem (cf. the results in Table 2 and those in Table 1).

The entire alginate operon (PA3540 to PA3551) was slightly
induced (approximately 1.5- to 2-fold) due to imipenem expo-
sure (Table 2). The expression of alginate regulatory genes also
showed a slight induction due to imipenem. Flagellum-encod-
ing genes fIgB to figL, the pilus-encoding genes, and the genes
involved in the peptidoglycan biosynthetic pathway showed
differential gene expression patterns comparable to those of
the samples from the biofilms.

Effect of imipenem exposure on biofilm structure. To study
the influence of imipenem on the structure of the biofilm, we
performed experiments in flow cells. On day 5 we compared
the results for PAO1 from nontreated biofilms to those for
PAOL1 from biofilms exposed to imipenem (0.5 pug/ml) for 18 or
37 h (Fig. 5 and Table 3). The biofilms were inoculated and
cultured simultaneously in parallel flow-cell channels and sup-
plied with the same medium. The results of quantitative image
analyses revealed by the COMSTAT computer program
showed significant differences in the biofilm architectures due
to imipenem (Fig. 5 and Table 3). Biofilms exposed to imi-
penem developed more biomass per substratum area and an
increased average thickness. The control (noninduced) bio-
films formed numerous towers and pillars of microcolonies
separated by areas devoid of cells, thereby revealing a higher
roughness coefficient (Fig. 5 and Table 3). The smoother bio-
film structure of the imipenem-exposed biofilms also resulted
in a lower surface-to-volume ratio, and this ratio was signifi-
cantly lower in the biofilm exposed to imipenem for 37 h, in
which few towers and pillars were observed.

To visualize whether imipenem exposure caused increased
levels of polysaccharides such as alginate in the biofilms, the
biofilms were treated with a fluorescent lectin (ConA-FITC).
PAOL1 biofilms were treated on day 5 after inoculation, and
PDO300 biofilms were treated on day 3 after inoculation. Mu-
coid strain PDO300 showed a higher level of staining (Fig. 6B)
compared to that for PAO1 not exposed to imipenem (Fig.
6A). However, exposure of PAO1 to imipenem for 18 h (Fig.
6C) or 37 h (Fig. 6D) caused increased levels of staining due to
ConA-FITC binding to alginate.

DISCUSSION

We have used the GeneChip microarray technology to iden-
tify changes in the global gene expression pattern of P. aerugi-
nosa exposed to subinhibitory concentrations of the B-lactam
antibiotic imipenem. It is well established that chromosomal
AmpC pB-lactamase often compromises antipseudomonal
B-lactam chemotherapy in patients with chronic P. aeruginosa
lung infections (13, 14). The results of this study are consistent
with the hypothesis that AmpC is an important part of the
response to imipenem. The biofilm microarray experiments
showed that the level of induction of ampC increased 67- to
150-fold after exposure to imipenem, which correlated with the
level of induction measured by the B-lactamase assay. Owing to
the strong induction potential of imipenem, the high level of
expression of ampC was expected (27, 32).
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TABLE 2. Effects of imipenem on planktonic P. aeruginosa genes

Fold change in expression level

Gene no.” Description (P value)?
0376 rpoH, sigma factor -1.1(3.3E-1)
0464 creC, two-component sensor —1.3 (7.0E-1)
0465 creD, inner membrane protein —1.2 (8.4E-1)
0762 algU, sigma factor 1.2 (5.5E-1)
0763 mucA, anti-sigma factor 1.1 (7.0E-1)
0764 mucB, regulator for alginate biosynthesis 1.1 (9.3E-1)
0765 mucC, regulator for alginate biosynthesis —1.0 (9.6E-1)
1078 flgC, flagellar basal-body rod protein —1.2 (3.7E-1)
1079 flgD, flagellar basal-body rod protein -1.3 (3.7E-1)
1080 figE, flagellar hook protein —1.1 (8.6E-1)
1081 flgF, flagellar basal-body rod protein -1.1(5.3E-1)
1084 flgl, flagellar P-ring protein precursor —1.2 (4.7E-1)
1178 oprH, outer membrane protein H1 precursor 1.6 (3.8E-2)
2659 Hypothetical protein 2.1 (3.3E-2)
3540 algD, GDP-mannose 6-dehydrogenase 2.9 (1.4E-1)
3541 Alginate biosynthesis protein 1.9 (2.1E-1)
3542 Alginate biosynthesis protein 1.5 (1.2E-1)
3543 algK, alginate biosynthetic protein 4.8 (2.3E-1)
3544 algE, outer membrane protein 1.7 (2.0E-1)
3545 algG, alginate-cS-mannuronan-epimerase 1.8 (3.0E-1)
3546 algX, alginate biosynthesis protein 1.6 (3.3E-1)
3547 algL, poly(beta-pD-mannuronate) lyase precursor 1.4 (2.5E-1)
3548 algl, alginate O-acetyltransferase 1.2 (6.5E-1)
3549 algl, alginate O-acetyltransferase 1.3 (4.3E-1)
3550 algF, alginate O-acetyltransferase 3.0 (1.7E-1)
3551 algA, phosphomannose isomerase/guanosine 1.9 (2.7E-1)
4110 ampC, B-lactamase precursor 19.1 (4.2E-2)
4407 ftsZ, cell division protein 1.1 (4.6E-1)
4408 ftsA, cell division protein 1.2 (1.3E-1)
4409 ftsQ, cell division protein 1.3 (9.4E-2)
4410 ddIB, p-alanine-D-alanine ligase 1.2 (2.0E-1)
4411 murC, UDP-N-acetylmuramate—alanine ligase 1.1 (4.7E-1)
4412 murG, transferase 1.3 (8.6E-2)
4413 ftsW, cell division protein 1.1 (5.0E-1)
4414 murD, UDP-N-acetylmuramate—D-glutamate ligase 1.4 (8.4E-2)
4415 mraY, phospho-N-acetylmuramate-peptidylpept.-transferase 1.2 (1.2E-1)
4416 murF, UDP-N-acetylmuramate—D-glutamyl-diaminopimelate—D-alanyl-p-alanyl ligase 1.3 (9.9E-2)
4417 murE, UDP-N-acetylmuramoylalanyl-D-glutamate-diaminopimelate ligase 1.1 (3.6E-1)
4419 ftsL, cell division protein 1.2 (7.2E-1)
4420 Hypothetical protein 1.4 (44E-1)
4421 Hypothetical protein 1.2 (5.8E-1)
4525 pilA, type 4 fimbrial precursor —1.3 (5.7E-1)
4526 pilB, type 4 fimbrial biogenesis protein —1.2 (5.6E-1)
5040 pilQ, type 4 fimbrial biogenesis protein —1.3 (2.2E-1)
5041 pilP, type 4 fimbrial biogenesis protein -1.2 (2.8E-1)
5042 pilO, type 4 fimbrial biogenesis protein —1.2 (2.8E-1)
5044 pilM, type 4 fimbrial biogenesis protein —1.1 (5.6E-1)
5261 algR, alginate biosynthesis regulatory protein 1.3 (4.9E-1)
5262 | algZ, alginate biosynthesis protein 1.3 (5.0E-1)
5322 algC, Phosphomannomutase 1.1 (1.0E-1)

“ Gene number from the P. aeruginosa genome project (http://www.pseudomonas.com). Genes indicated in boldface passed the ¢ test (P < 0.05). Arrows indicate the

transcriptional orientations of the operons of interest.
PE, x 10 (e.g., 3.3E-1 =33 X 107").

We used a low concentration of imipenem for our biofilm
experiments, which corresponded to 0.5 the MIC for plank-
tonic cell cultures. The intention of antipseudomonal treat-
ment of patients with CF is to administer the antibiotics at
concentrations that exceed the MIC. However, as the anti-
microbial treatments do not lead to clearance of the P.
aeruginosa cells growing in biofilms from the lungs of CF
patients, we would expect that persistent bacteria are ex-
posed to subinhibitory concentrations (or at least sub-min-
imal bactericidal concentrations). The scope of the present

study was to reveal the specific effects of imipenem treat-
ment on gene expression, i.e., the consequence of treatment
on the average expression profile among all cells constitut-
ing the bacterial communities studied. Subinhibitory con-
centrations of imipenem were applied to avoid obtaining a
gene expression pattern that reflected both the specific ef-
fects of imipenem and the general growth inhibition effects.
However, this experimental scenario is a difficult balancing
act, as the super-MIC actions of B-lactam antibiotics actu-
ally affect growth by blocking peptidoglycan synthesis.
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FIG. 5. Scanning confocal photomicrographs of P. aeruginosa PAO]1 biofilms established in flow cells. The effects of exposure to imipenem (0.5
pg/ml) for 37 h (C) or 18 h (B) or no exposure (A) were examined on day 5. For each condition (A to C) a top view and two side views of the
biofilms are shown. Biofilms were stained with the cell-permeant nucleic acid stain SYTO 62.

Among the genes that responded to imipenem exposure
were the alginate biosynthesis genes (algD to algA), which, in
particular, were induced 5- to 10-fold on days 1 and 2. The
increased level of expression of the alginate genes was sup-
ported by the increased level of production of alginate, as
measured by the uronic acid assay. Our results are in accor-
dance with the previous observations of Takahashi et al. (48)
and Majtan and Hybenova (34), which showed the induction of
alginate production by planktonic P. aeruginosa cells exposed
to B-lactam antibiotics, although they did not study the re-
sponse to imipenem of P. aeruginosa cells growing in biofilms.

In Azotobacter vinelandii, a gram-negative aerobic soil bac-
terium, inactivation of the ampDE operon caused a signifi-
cantly increased level of algD expression (38). A. vinelandii
does not contain an inducible ampC B-lactamase gene, sug-
gesting that the function of AmpD is solely related to recycling
of muropeptides in A. vinelandii. The transcriptional regulators
of alginate and the alginate biosynthetic operon show high

TABLE 3. Data from quantitative image analysis of
P. aeruginosa PAOL1 biofilms”

Duration of

imipenem Biomass Avg thickness Surface-to-biovolume
expostre (pm?/pm?) (wm) ratio (um?um?)
Control 10.8 = 1.2 15224 1.7 0.1

18 h 172+ 1.7 220+ 25 1.5+03
37h 18.1 £ 1.5 21.0 = 1.8 1201

“ Quantitative image analyses were performed to compare the architectures of
imipenem (0.5 pg/ml)-exposed biofilms and unexposed biofilms (control) on day
5. The values are the averages of 10-image stacks from each flow cell channel
acquired in one experiment. The biomass is calculated as the biomass volume (in
cubic micrometers) per substratum surface area (in square micrometers). The
thickness is the average depth of the biofilm. The surface-to-biovolume ratio
describes the surface area of the biofilm (in square micrometers) per biomass
volume of the biofilm community (in cubic micrometers). The data are presented
as means = 95% confidence intervals. The data were quantified with the com-
puter program COMSTAT.

degrees of homology in A. vinelandii and P. aeruginosa, as is
also the case for the ampDE operon. Nufez et al. (38) pre-
sented evidence suggesting that peptidoglycan recycling partic-
ipates in the regulation of alginate production in A. vinelandii.
They suggested that muropeptides might affect an AmpR-like
regulator of the alginate regulatory circuit (38).

The mechanism of alginate expression in P. aeruginosa is
complex and involves several regulatory genes affecting the
transcription of the alginate biosynthetic genes (algD to algA)
(16). Transcription of the alginate operon is dependent on the
sigma factor AlgU, but the response regulator AlgR and the
DNA-binding protein AlgZ are also essential for alginate syn-
thesis and transcriptional activation (3). All the details of the
regulatory circuitry controlling the expression of alginate are
not completely clarified. However, it may be hypothesized that
the recycling of muropeptides is linked to the regulation of
alginate expression, e.g., by affecting the properties of AlgZ or
AlgR.

The results of our microarray experiments showed increased
levels of expression of almost all genes involved in the alginate
circuit. Some regulatory genes, e.g., algZ, algR, and algC, re-
vealed only slight tendencies to have increased levels of ex-
pression. AlgU has been reported to induce the transcription
of rpoH, which causes the expression of systems participating in
different stress responses (16). AlgU has also been associated
with the negative control of flagellum synthesis (10). This cor-
relates with our microarray results, as all of the genes of the
flagellum biosynthetic operon, i.e., flgC to flgI (PA1078 to
PA1084), were repressed in response to imipenem.

It is tempting to agree with the hypothesis that there is a link
between recycling of muropeptides and alginate expression
(38). On the other hand, expression of alginate is also induced
in the presence of ofloxacin or norfloxacin. In this case the
target of these quinolone antibiotics is DNA gyrase, which
does not affect the peptidoglycan layer (48). Therefore, multi-
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FIG. 6. Scanning confocal photomicrographs of P. aeruginosa bio-
films established in flow cells. Select microcolonies stained with ConA-
FITC, which reveals polysaccharides such as alginate, are shown from
the top. (A) PAO1 biofilm not exposed to antibiotics; (B) PDO300 (a
derivate of PAOL1 that constitutively overproduces alginate) not ex-
posed to antibiotics; (C) PAO1 exposed to imipenem for 18 h;
(D) PAOL1 exposed to imipenem for 37 h.

ple antibiotic-induced pathways leading to alginate induction
may exist. An algU-independent pathway has been proposed,
in which alginate production and transcription of the critical
algD promoter depend on another alternative sigma factor,
RpoN (sigma 54) (5). However, this gene was not induced in
our experiments.

To examine whether the transcriptional response to imi-
penem was affected by the mode of growth in the biofilm, we
performed experiments with planktonic cells in chemostats.
The trends were comparable to the results obtained with the
biofilms, but as we could use only low levels of imipenem in the
experiments with planktonic cells, the responses were muted in
comparison to the biofilm responses. Thus, our experiments
did not reveal a mode-of-growth-dependent response to imi-
penem exposure that could account for the differences in the
levels of resistance of P. aeruginosa cells growing in biofilms
and those of planktonic cells.

The increased level of expression of alginate in response to
imipenem exposure may be an unintended adverse conse-
quence of imipenem treatment of chronic P. aeruginosa lung
infections in CF patients, as alginate is known to provide a
protected environment for biofilm bacteria. Increased produc-
tion of alginate decreases the susceptibilities of bacteria grow-
ing in biofilms to numerous antibiotics. The penetration of
antibiotics through the biofilm may be reduced due to binding
to alginate, as has been reported for aminoglycosides, e.g.,
tobramycin (1, 15, 21, 23). However, exposure to tobramycin
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does not affect the expression of alginate in P. aeruginosa
biofilms (PAOL1), as reported by Whiteley et al. (50). The
expression profile effected by imipenem versus that effected by
tobramycin showed only common dominant genes, hypotheti-
cal genes PA2703 and PA3819, which were slightly upregulated
(twofold) with imipenem exposure (cf. http://www.immi.ku.dk
/bagge-arrays2003) (50). Alginate is not believed to act as a
barrier to B-lactam antibiotics, as these are relatively un-
charged agents (11, 37). However, if P. aeruginosa produces
high levels of B-lactamase, the enzyme may accumulate in the
extracellular biofilm matrix and hydrolyze B-lactam antibiotics
as they penetrate the biofilm matrix (9). Imipenem-induced
B-lactamase production has previously been shown in P. aerugi-
nosa biofilms, and P. aeruginosa secretes chromosomal AmpC
B-lactamase packaged in membrane vesicles, which may accu-
mulate in the biofilm matrix (7, 12). This may explain previous
observations that a major part of the B-lactamase in biofilms is
located extracellularly (7, 14). The prolonged imipenem expo-
sure resulted in structural changes of the P. aeruginosa bio-
films, causing the biofilm to have an increased thickness and
biomass (Fig. 5 and Table 3). This may increase the potential
of B-lactamase accumulation in the biofilm, thereby reducing
the effect of B-lactam treatment on P. aeruginosa cells growing
in biofilms. If the increased biomass and lower surface-to-
biovolume ratio of the biofilm were due to the increased level
of production of alginate, this may reduce the accessibility of
antibiotics such as aminoglycosides to the bacteria growing in
biofilms, thereby reducing the efficacies of the antimicrobial
treatments. The results of our experiments showing increased
levels of lectin binding to the imipenem-exposed biofilms point
to the presence of increased levels of alginate in the biofilms.
Increased levels of alginate in biofilms have been reported to
contribute to oxygen limitations in the biofilm (18). If com-
partments of the biofilm become anaerobic, the efficacies of
aminoglycosides are significantly reduced or abolished (19).
Reduced accessibility to oxygen and nutrients may reduce the
growth rate of the bacteria in the biofilm, thereby reducing the
antimicrobial actions of B-lactam antibiotics, as the action of
transpeptidase inhibition is related to the growth rate.

Mucoid isolates embedded in alginate, which constitutes a
protected environment, may be less affected than nonmucoid
isolates by a transient induction by a B-lactam antibiotic. The
effect of induction may be overshadowed by the constitutive
production of alginate. However, the relative level of alginate
present in the biofilm matrices of nonmucoid isolates may be
significantly increased due to the inductive effect of imipenem,
as alginate is not a significant constituent of the extracellular
polymeric material of nonmucoid P. aeruginosa cells involved
in the initial colonization of the lungs of CF patients (53).
Thus, the induction of alginate may compromise the efficacy of
antimicrobial treatment, increasing the risk that nonmucoid
colonizers will survive in the lungs of CF patients.
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