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at 600 nm (OD600) of 0.05 and a 10- or 25-l aliquot was used to inoculate
sterile, black, polycarbonate membranes (0.22-m pore size, 13- or
25-mm diameter; GE Water & Process Technologies, Fairfield, CT) posi-
tioned on TSA plates. Plates were incubated at 37°C until the membranes
were dry and then inverted and incubated for up to 72 h. Membranes
containing colony biofilms were aseptically transferred to fresh TSA plates
every 12 h for 52 or 72 h, with the final transfer occurring 4 h prior to
cryoembedding. For propidium iodide (PI) staining, biofilms were trans-
ferred every 24 h. Drip flow biofilm experiments were performed as de-
scribed previously (75) with a flow of one-tenth-strength TSB medium at
1 ml/min for 72 h.
GFP labeling of active and dormant cell subpopulations.Prior to

biofilm studies,P. aeruginosaMH475 planktonic cultures were analyzed
by flow cytometry for induction of the GFP in the presence or absence of
the inducing agent,L-arabinose. Any cells exhibiting GFP intensity over
100 on an arbitrary scale were scored as GFP-expressing (GFP) cells,
while any events registering an intensity below 100 were scored as non-
GFP expressing (GFP ) cells. The arbitrary threshold of 100 was deter-
mined by first exploring the intensities of noninduced, negative-controlP.
aeruginosaMH475 cells, which were almost exclusively less than 100. To
label the active-cell subpopulation of biofilms with the GFP, colony bio-
films ofP. aeruginosaMH475 were grown for 48 h in the absence of
L-arabinose, transferred to medium supplemented with 2%L-arabinose,
and incubated for an additional time as indicated in Results. To label
metabolically dormant cells with the GFP,P. aeruginosaMH475 was first
cultured in biofilms in the presence of 2%L-arabinose for 48 h. Biofilms
were then transferred to medium without arabinose and incubated for an
additional 12 to 48 h. Cells that expressed GFP were characterized micro-
scopically after cryoembedding in Tissue-Tek optimum cutting tempera-
ture (OCT) compound (Miles, Inc., Elkhart, IN) (75) and thin sectioning
of biofilms as described previously (36).GFP-expressing cells were also
characterized by flow cytometry and cell sorting, for which colony
biofilms were disaggregated by placing the biofilm in 9 ml of phos-
phate-buffered water (PBW) and vortexing the mixture on high for 1
min. The resulting suspensions were serially diluted and analyzed us-
ing a BD FACSAria flow cytometer. Cells were collected and scored as
fluorescent counts versus the overall population. Viable cell numbers
were determined as CFU on TSA plates.
The following antibiotics were used as needed: gentamicin sulfate

(Sigma, St. Louis, MO), 15 g ml1; tobramycin sulfate (Sigma), 10g
ml 1; ciprofloxacin hydrochloride (gift of the Bayer Corporation,
Leverkusen, Germany), 1 g ml1.
Analysis of antibiotic tolerances of biofilm subpopulations.P.

aeruginosaMH475 cells were treated with ciprofloxacin or tobramycin
during induction of GFP withL-arabinose or during GFP repression in the
absence ofL-arabinose. For GFP induction experiments, 48-hP. aerugi-
nosaMH475 colony biofilms were transferred to medium containing both
2% arabinose and antibiotic (10 g ml1tobramycin sulfate or 1g ml1

ciprofloxacin hydrochloride) and incubated for additional time as indi-
cated in Results. Biofilms were disaggregated, and viable cells were enu-
merated as CFU on TSA plates. In addition, parallel samples were sorted
by flow cytometry based on GFP expression. GFP and GFP cells were
plated separately to determine CFU of each subpopulation. In GFP re-
pression experiments, colony biofilms were incubated for 48 h in the
presence of 2%L-arabinose to generate a population containing all fluo-
rescently labeled cells. Biofilms were transferred to TSA plates without
arabinose and incubated for 12 h. Biofilms were then transferred to plates
without arabinose but containing an antibiotic and incubated for addi-
tional time as indicated in Results. Flow cytometry and cell sorting were
used to determine viable cell counts from the fluorescent and nonfluores-
cent biofilm subpopulations.
For cells processed using flow cytometry, log reductions were calcu-

lated using the formula log10[(%Pt %pt)/(%Pu %pu)], where %Pt
is the percentage of the total antibiotic-treated population (either GFP
or GFP), %ptis the percentage of the antibiotic-treated population (ei-

populations of cells (24, 32, 49). For example, the antibiotics to-
bramycin and ciprofloxacin preferentially kill cells at the periph-
ery of the biofilms, while other chemical agents, including gallium, 
sodium dodecyl sulfate, and colistin, are effective against cells in 
the cluster centers.
In order to characterize physiological features of biofilm bac-

teria and to gain a better understanding of mechanisms for en-
hanced antibiotic resistances, transcriptomic and proteomic pro-
files of microbial biofilms have been determined and compared to 
the profiles of planktonic cells (21, 28, 43, 50, 58, 68, 73). For these 
global approaches, it is often necessary to harvest the entire bio-
film community to obtain sufficient RNA or protein for analysis. 
Therefore, these approaches provide transcriptome or proteome 
information as an average of that for the entire biofilm and may 
not be adequate for discovering differences in gene expression that 
occur at localized sites and due to various environmental condi-
tions or stochastic gene expression events. Previously, we used 
laser capture microdissection (LCM) to isolate clusters of cells 
from within P. aeruginosa biofilms and quantified the rRNA and 
mRNA abundances of individual genes from the isolated cell 
groups (36, 51). The results indicated that the abundances of in-
dividual mRNA transcripts may vary by several orders of magni-
tude, even for cells in close proximity to each other. The previous 
results also suggested that the top of P. aeruginosa biofilms con-
tains cells in transition to stationary phase, while the cells at the 
bottom of the biofilm may be in a slow-growth or dormant state 
(51).
In this study, we used LCM to isolate cells from different 

regions within P. aeruginosa biofilms and then performed Af-
fymetrix microarray analysis to characterize the global tran-
scriptome response of the subpopulations. We focused on 
transcription of cells isolated from the aerobic periphery of 
thick biofilms compared to that of cells obtained from the bot-
tom of these biofilms. To test further the hypothesis that cells at 
the bottom of the biofilm are in a slow-growth and antibiotic-
tolerant state, we experimentally discriminated the metabolic sta-
tus and antibiotic susceptibility of these bacteria. The results 
showed low metabolic activity of cells in the deeper regions of the 
biofilms, as indicated by low mRNA abundances. The cells at the 
base of the biofilms also had reduced sensitivity to the antibiotics 
ciprofloxacin and tobramycin. Cells in the bottom portion of the 
biofilms maintained a high abundance of ribosomal RNAs as well 
as mRNA for genes associated with ribosome hibernation factors, 
suggesting that the slow-growing and antibiotic-tolerant subpop-
ulation may protect ribosomes from degradation for later resus-
citation when nutrients or space become available.

MATERIALS  AND  METHODS

Bacterial strains and biofilm growth conditions. Pseudomonas aerugi-
nosa PAO1 and a PAO1 derivative, MH475 (provided by Matthew Parsek) 
were used for these studies. MH475 contains a gene (the gfp gene) encod-
ing the arabinose-inducible green fluorescent protein (GFP) on a chro-
mosomally encoded mini-Tn7 element (14). Markerless deletion muta-
tions of the rmf and PA4463 genes were constructed with P. aeruginosa 
PAO1 using the allelic exchange approach (13) and the PCR primers 
shown in Table 1. For epifluorescence microscopy, P. aeruginosa PAO1 
and its deletion mutant strains contain the GFP expressed from plasmid 
pMF230 (48). Most biofilm experiments were performed using colony 
biofilms on tryptic soy agar (TSA; Becton, Dickinson and Company [BD], 
Franklin Lakes, NJ) (4). For these experiments, an overnight P. aeruginosa 
culture was diluted into fresh tryptic soy broth (TSB) to an optical density



Laser capture microdissection.Biofilms were cryoembedded and
thin sectioned as described previously (36). To examine vertical biofilm
strata, frozen samples were thin-sectioned (5.0- to 15-m sections) using
a Leica CM-1850 cryostat. For LCM experiments, cryoembedded biofilm
sections were placed on membrane-coated microscope slides and main-
tained on dry ice. Microscope slides containing biofilm sections were
thawed on the microscope stage for 5 s and then examined using a 10 or
20 objective lens. LCM (Zeiss/P.A.L.M. Laser-MicroBeam system) was
used to dissect and capture 24,000- to 100,000-m2sections from differ-
ent regions of the biofilms (36). Dissected areas were captured in lysis
buffer contained in the caps of 0.5-ml microcentrifuge tubes using the
laser catapult parameter (LCP).
RNA extraction and qRT-PCR for microarray validation.Quantita-

tive reverse transcription-PCR (qRT-PCR) was performed with LCM
samples to assess microarray results for the eight genes shown in Fig. S2 in
the supplemental material. For qRT-PCR of these mRNAs, after the ad-
dition of 1.7 104transcript copies of spike-in control luciferase (lucI
gene) RNA (Promega), total RNA was extracted using the hot phenol
approach described previously (36). Resuspended RNA was treated with
DNase using a Turbo DNA-free kit (Ambion, Inc.) in 10- l reaction mix-

TABLE 1Primer sequences

Primer Sequence Concn (nm)
PCR product
size (bp)

Deletion mutation primers
RMF ECOR15=UP GAATTCTCCACCGGGAATCGCGCC
RMF-T7UPR-BAM CTATAGTGAGTCGTATTAGGATCCAACGGATCACGCTTAAGTC
RMF-T7DOWNF-BAM GGATCCTAATACGACTCACTATAGGCTTACAACGTCTCAATCAAC
RMF ECORRI 3= GAATTCGATACCCCGGTGGAGCGCG
PA4463ECORI5=UP GAATTCGCAGATCGAATCGAGCG
PA4463T7UR-BAM CTATAGTGAGTCGTATTAGGATCCGCCACTGATGTTGACTTGCAT
PA4463T7DOWNF GGATCCTAATACGACTCACTATAGCAAGGCGTAGGCGCCCGCTGA
PA4463ECORRI3= GAATTCGGGGAAGCGCTGCAACTG

qRT-PCR primers
PA4823-For ACCTGCTGATGGTGGTCAG 300 108
PA4823-Rev TGAGCGATGCACGGTTGAG 300
PA1089-For GAAGACGAGATCGAGGTGCT 300 74
PA1089-Rev CGCAGCTTGAAGGATTTGTC 300
PA4865-For CGAGCTGATGCACTACGG 200 128
PA4865-Rev GTGGACGGTCACCAGCTT 300
PA0059-For GACGGTTTCGCCATCACT 300 128
PA0059-Rev GCGTTGAGCACCTTGGATAC 200
PA2146-For GCACAGCATCAAGGTGGTAAA 200 109
PA2146-Rev GCGGATCGTTCTTGAAGTTG 300
PA0997-For CCCTCTACGTGGTCGATACC 300 98
PA0997-Rev CTCGCTGTCCACTTCCAATC 300
PA3531-For TCATCCAGCACCTCAACAAG 300 150
PA3531-Rev TGTCGGCATGCTTCATCTC 300
PA4220-For CCAGCGGCTATCTGTTGACT 200 183
PA4220-Rev ACAACGCCAAGCCCAGTA 200
PA16s-For CAAAACTACTGAGCTAGAGTACG 200 215
PA16s-Rev TAAGATCTCAAGGATCCCAACGGCT 200
acp-For ACTCGGCGTGAAGGAAGAAG 250 80
acp-Rev CGACGGTGTCAAGGGAGT 250
PA3049-For (rmf) AAGCGTGATCCGTTGGAAAG 250 89
PA3049 -Rev GGATGGGTGAACGGACAAAG 250
PA4463-For GCCATTTCGACAAGATCACC 250 204
PA4463-Rev GCTGCCGTTCGAGATACTTC 250
LucI-For GTGTTGGGCGCGTTATTTATC 400 78
LucI-Rev ACTGTTGAGCAATTCACGTTCA 400
PA3126-For (IbpA) CTGTTCCGTCATTCCGTAGG 250 135
PA3126-Rev GGCGATAACGATGCGATACT 250

ther GFP  or GFP ) that was viable as plated after sorting by flow cytom-
etry, %Pu is the percentage of the total untreated population (either GFP

 

or GFP ), and %pu is the percentage of the untreated population (either 
GFP  or GFP ) that was viable as plated after sorting by flow cytometry.
Staining of biofilm cells with propidium iodide. Propidium iodide 

staining was performed by adding 110 l of a 0.06 mM propidium iodide 
solution to a 13-mm membrane support (Millipore). Biofilms (at 52 h) 
were aseptically transferred to the support and incubated at room tem-
perature in the dark for 25 to 35 min. Biofilms were then cryoembedded 
and thin sectioned. For epifluorescence microscopy, sections were 
mounted on Superfrost Plus glass slides (Fisher Scientific, Waltham, MA) 
and examined using a Nikon E-800 upright epifluorescence microscope 
with a tetramethyl rhodamine isocyanate (TRITC) filter set (546/10 exci-
tation [ex], 575 dichromatic mirror (DM), 590LP emission [em]) for 
visualizing propidium iodide staining, and with a fluorescein isothiocya-
nate (FITC) filter set (480/30 ex, 515 DM, 535/40 em) for visualizing GFP 
fluorescence. Images were captured using a Photometrics CoolSnap fx 
digital camera with a 600-ms exposure time. Images in the green and red 
channels were overlaid using MetaMorph (Molecular Devices, Downing-
town, PA).



extracted with an RNeasy Microkit (Qiagen) following the microdissected
cyrosection protocol. Turbo DNase (Ambion) treatment was performed
to remove any traces of residual DNA. For this, 0.8l of Turbo DNase, 2
l of 10Turbo buffer, and 1 l of 0.5RNaseIn (Promega) were added
to the 16-l RNA sample. After a 20-min 37°C incubation, 3l of inacti-
vation reagent was added and the RNA was recovered according to the
manufacturer’s instructions. A 1.5- l aliquot was removed for RNA
quantitation with a RiboGreen (Invitrogen) assay. The RNA was poly(A)
tailed using a poly(A) polymerase tailing kit (Epicentre) according to the
manufacturer’s instructions with a 20- l final reaction volume and a 25-
min incubation time. The reaction was stopped by freezing at 20°C.
Poly(A)-tailed RNA was then cleaned according to the RNA cleanup pro-
tocol in the RNeasy Microkit. The extraction and processing method was
validated by evaluation of RNA integrity of representative samples using
the Bioanalyzer 2100 Pico chip. Five biological samples were obtained
from the top 30m and from the bottom 30 m of five different biofilms,
which were cultured independently.
RNA amplification for microarray analysis.A QuantiTect whole-

transcriptome kit (Qiagen), which uses a method based on multiple dis-
placement amplification, was used to uniformly amplify the poly(A)-
tailed RNA samples. One microliter of a 1:2,000,000 dilution of poly(A)
controls (Affymetrix) was added, and amplification proceeded per the
manufacturer’s instructions. Briefly, cDNA was reverse transcribed from
the poly(A)-tailed RNA using random and oligo(dT) primers and then
ligated and amplified using REPLI-g DNA polymerase with an 8-h (high-
yield reaction) incubation time. The resulting double-stranded DNA was
purified using a QIAamp DNA Minikit (Qiagen). For this, the DNA was
brought to a 200-l volume with nuclease-free water before the addition
of 200 l of buffer AL and 200l of 100% ethyl alcohol (EtOH). The
mixture was applied to a QIAamp column, washed with 500 l buffer
AW1, washed again with 500 l buffer AW2, and eluted with 45l buffer
EB following a 5-min incubation period. The purified DNA was then
fragmented in One-Phor-All buffer (GE Healthcare) with DNase 1 (Am-
ersham) for 1 min at 37°C according to an experimentally determined
formula,y 0.287x 1.253, whereyis the volume of 1:10-diluted DNase
enzyme (in microliters) andxis the amount of DNA to be fragmented (in
micrograms). The reaction was stopped by incubation at 98°C for 10 min.
DNA fragment size was then assessed with an Agilent bioanalyzer using a
DNA chip. Fragmented double-stranded cDNA was terminally labeled by
incubation with 10lof5reaction buffer, 2l GeneChip DNA labeling
reagent (Affymetrix), and 2 l terminal deoxynucleotidyl transferase
(Promega) for 60 min at 37°C. Two microliters of 0.5 M EDTA was added
to stop the reaction.
Hybridization, scanning, and analysis.Labeled cDNA was hybrid-

ized for 16 h at 50°C with constant rotation to AffymetrixPseudomonas
aeruginosamicroarrays (part 900640). Microarrays were washed and
stained using a GCOS Fluidics Station 450 and scanned with an Af-
fymetrix 7G scanner. Affymetrix GCOS v1.4 was used to generate CEL and
CHP files. CEL files were imported into FlexArray v1.5.1 for quality con-
trol (QC) and data analysis (8).
Microarray data accession number.Microarray data have been de-

posited in the GEO database with accession numberGSE34762.

RESULTS AND DISCUSSION

Transcriptomic analysis of biofilm subpopulations.LCM was
used to isolate and capture biofilm subpopulations from the top
30 m and bottom 30 m of theP. aeruginosaPAO1 biofilms
(average thickness of 350 m). High-quality RNA, confirmed
by the integrity of the rRNAs (see Fig S1 in the supplemental
material), was purified from the samples for Affymetrix microar-
ray analysis. In order to obtain sufficient nucleic acid for microar-
ray hybridization from LCM samples, RNA amplification was
necessary. Several RNA amplification strategies were tested, and
the QuantiTect whole-transcriptome amplification protocol was
ultimately chosen. In this approach, following reverse transcrip-

tures for 20 min. All samples were stored at 80°C until analysis by qRT-
PCR, at which time they were diluted to a final volume of 120 l. qRT-
PCR primer sequences are shown in Table 1. Primers, designed using the 
Primer3 program (56), were evaluated using Mfold (40, 80) and Oligo 
Analyzer version 3.0 (Integrated DNA Technologies, Inc.). Primer con-
centrations were determined by performing the optimization protocol 
recommended by the Rotor Gene system (real-time summary, version 
1.7). One-step qRT-PCR, using 5 l of template RNA per reaction, was 
performed as described previously (51) using a QuantiTect SYBR green 
RT-PCR kit and a Rotor-Gene 6000 instrument (Corbett Research). For 
each gene, qRT-PCR was performed for five biological replicates (five 
independently cultivated biofilms) from the top 30 m of biofilms and 
five biological replicates from the bottom 30 m of biofilms.
RNA extraction and qRT-PCR of acpP, rmf, PA4463, and ibpA genes. 

qRT-PCR was also performed to assay local mRNA abundances of the 
acpP, rmf, PA4463, and ibpA genes. For these experiments, samples were 
laser catapulted into 35 l of RLT lysis buffer (Qiagen), vortexed for 5 s, 
and then centrifuged before the addition of 310 l RLT. Five microliters of 
carrier RNA and 1.7  104 transcript copies of luciferase (lucI) RNA 
(Promega) were added as a spike-in control. RNA extraction then pro-
ceeded with an RNeasy Microkit (Qiagen) as described by the microdis-
sected cyrosection protocol. Following the addition of 20 units of RNasin 
Plus (Promega), RNA samples were treated with 0.8 l DNase using a 
Turbo DNA-free kit (Ambion, Inc.) in 30-l reaction mixtures for 20 
min. All samples were stored at 80°C until analysis by qRT-PCR. Prim-
ers (shown in Table 1) were evaluated in silico using the IDT Oligoanalyzer 
tool and NCBI’s primer blast tool. Primer sets were validated by deter-
mining efficiencies obtained from 10-fold serial dilution curves of RNA 
extracted from Pseudomonas aeruginosa cultured in biofilm. Efficiencies 
were calculated with the equation E  101/slope  1, with an E of 1 
indicating exponential amplification of the product. For each primer set, 
efficiencies ranged from 1.00 to 1.03, and dilution curves gave correlation 
coefficients (R2) of 0.98. One-step qRT-PCRs were assembled according 
to the Rotor-Gene SYBR green RT-PCR handbook (Qiagen). Cycling pa-
rameters used on the Rotor-Gene 6000 (Corbett Research) were as fol-
lows: one cycle of 55°C for 12 min, denaturation at 95°C for 6 min, and 
then 40 cycles of 95°C for 5 s and 60°C for 12 s. Data were acquired during 
the 60°C annealing step, and a melt curve was generated at the conclusion 
of each run. For each gene and for each biofilm subsection, five biological 
replicates from different biofilms were assayed in duplicate or triplicate. 
Intraassay variation, as calculated from threshold cycle (CT) values, was 
less than 3%. Every assay contained negative controls lacking reverse 
transcriptase or a template to control for potential DNA contamination.
qRT-PCR data analysis. Biological sample size was standardized by 

laser microdissection of equal volumes of biofilm, and a common thresh-
old was set for analysis of all genes. An exogenous reference RNA 
(spiked-in lucI RNA) was selected as a calibrator to control for sample 
variability (18, 36, 79). Heat maps were created using Genesis (65) and 
display log2 background-corrected signal intensity of microarray data and 
2 CT RT-PCR data, where CT  (CT gene of interest)  (CT lucI con-
trol) (59). For bar graphs displaying average expression levels, the 2 CT 

qRT-PCR data were scaled by a factor of 108 (36). Samples producing 
erroneous melt curves or no amplification were considered to be below 
the limit of detection (BD). Normalized values were plotted in Excel for 
visualization of the difference in expression levels between the tops and 
bottoms of the biofilms (n  5 samples each). Fold change analysis, cal-
culated by REST 2009 software (52), indicated no significant difference in 
mRNA levels between the top and bottom biofilm subsections for the ibpA 
(P  0.832), rmf (P  0.206), and PA4463 (P  0.165) genes but did 
indicate a significant difference in acpP gene abundance between the top 
and bottom of the biofilm (P  0.001).
RNA extraction and poly(A) tailing for microarray analysis. For 

each biological replicate, nine LCM samples, obtained by catapulting into 
36 l RLT buffer (Qiagen), were combined into one 1.5-ml microcentri-
fuge tube, resulting in a total captured area of 1.5  107 m3. RNA was



film versus the bottom 30 m of the biofilms are shown in Fig. 1
and in Table S1 in the supplemental material. Highlighted in Fig.
1 are genes that we analyzed previously for local mRNA abun-
dances in biofilms by using LCM and qRT-PCR (36, 51). Pre-
viously, we demonstrated that mRNA for the housekeeping
gene involved in fatty acid biosynthesis, theacpPgene, was
orders of magnitude greater at the top than in the middle or at
the bottom of the biofilms. The microarray results here are
consistent with those results and show thatacpPmRNA had an
approximately 120-fold-greater signal intensity at the top of
the biofilm than at the biofilm base. Similarly, mRNA abun-
dances forrpoSandrhlRgenes, previously shown to be higher
at the top than the bottom of the biofilm (51) also showed
much higher mRNA abundances at the top of the biofilms by
using microarray analysis. The abundance of 16S rRNA, shown
previously to be at relatively similar levels at both the top and
bottom of the biofilms (36, 51), also showed similar abun-
dances by the microarray studies observed here.
Metabolic activity of biofilm cell subpopulations.The mi-

croarray results shown in Fig. 1 demonstrate a skew in the data,
with most genes showing much higher mRNA abundances at the
top of the biofilms than at the bottom. This skew suggests that cells
at the top of the biofilm have higher overall levels of gene expres-
sion and metabolic activity than those cells at the bottom of the
biofilms. In support of this, genes showing very high mRNA abun-
dances at the top of the biofilms but little mRNA deep in the
biofilms are genes involved in cell growth and general metabolism.
Figure 2 and Table S2 in the supplemental material show mRNA
abundance data for four groups of genes associated with house-

FIG 2Microarray results of mRNA signal intensities of metabolic housekeep-
ing genes plotted for the top of the biofilm versus the those for the bottom of
the biofilms. Specific genes are listed in Table S2 in the supplemental material,
along with the averages and variances of the microarray results (n 5). The
dark diagonal line is for genes with equal mRNA abundances at the top and
bottom of the biofilms. The gray lines show the results of a 2-fold difference in
mRNA abundance for the top versus the bottom of the biofilms.

FIG 1 Microarray analysis of the P. aeruginosa biofilm transcriptome, with the 
log(2) signal intensity for each gene transcript plotted for the top of the biofilm 
versus that for the bottom of the biofilm (n  5 for each gene). For averages 
and variances of the signal intensity for each gene, see Table S1 in the supple-
mental material.

tion, cDNA fragments are ligated together, forming long cDNA 
chimeras. The cDNA chimeras are then amplified by DNA multi-
ple-strand displacement (17). This strategy helps reduce amplifi-
cation bias that may be caused by variable transcript size. How-
ever, as amplification bias is inherent in any RNA amplification 
approach, several methods were used to assess and reduce this 
bias. Diluted Affymetrix spike-in controls were added to the sam-
ples and amplified along with the RNA. Five biological replicates 
were performed for each biofilm subsection (top and bottom of 
biofilms), and the mean and variance for each gene expression 
level were evaluated (see Table S1 in the supplemental material). 
In addition, eight genes with differing expression levels, as assayed 
by microarrays, were further analyzed by using LCM and qRT-
PCR (36), a technique that does not require RNA amplification 
prior to analysis. Fig. S2A in the supplemental material is a heat 
map of individual samples for the eight genes as well as for the 
acpP gene and 16S rRNA, showing the relative signal intensities of 
the mRNA abundances and comparing the microarray and qRT-
PCR approaches. Fig S2B in the supplemental material shows the 
average relative signal intensity assayed by both techniques. The 
results show that PA0059 (osmC), PA2146, and PA3531 (bfrB) 
genes had high mRNA abundances at the top of the biofilms and 
very low levels of expression at the bottom of the biofilm, as as-
sayed by both techniques. PA4220, PA4823, and PA4865 (ureA) 
genes had very low expression levels at both the top and the bot-
tom of the biofilms, as assayed by microarray and confirmed by 
qRT-PCR. PA0997 and PA1089 had intermediate levels of expres-
sion at the top of the biofilms and very low expression levels at the 
bottom of the biofilms. The results show consistency between 
the microarray approach, which requires RNA amplification, 
and the qRT-PCR studies of selected genes, for which no RNA 
amplification is necessary prior to analysis but only a limited 
number of genes may be analyzed.
The results of microarray analysis with the mean (n  5) ex-

pression level for each gene plotted for the top 30 m of the bio-



To label the inactive cells with GFP, colony biofilms were first
cultured in the continuous presence of arabinose for 48 h, result-
ing in most cells being scored as GFPby fluorescence-activated
cell sorter (FACS) analysis (Fig. 3E and I). These biofilms were
then subcultured in medium lackingL-arabinose. As the biofilms
continued to grow without an inducing agent, the GFP was di-
luted due to distribution of the GFP to each daughter cell or by
degradation. In contrast to the results with the planktonic cul-
tures, the loss of fluorescence across the biofilm population was
not uniform. Instead, fluorescence first diminished in the upper
regions of the biofilm (Fig. 3E to H). After 48 h of growth in the
absence of the inducer, a GFP subpopulation was located pre-
dominantly along the biofilm-substratum interface at the base of
the biofilm (Fig. 3H). FACS showed two peaks, representing flu-
orescent and nonfluorescent cells (Fig. 3I to L). In biofilms, the
percentage of cells scoring as GFPby flow cytometry in arabinose
depletion experiments decreased from 85%, when the cells were
first transferred to medium lacking the inducer, to less than 1%
after 72 h in the absence of arabinose. The time constant for this
loss of fluorescence was 0.05 0.01 h1, which was 26 times
slower than the decay observed for planktonic cells for the overall
population. However, this growth rate is the average for the entire
population, which contains both actively dividing and inactive
cells. Taken together with the microarray analysis, which showed
very little mRNA for housekeeping genes, these results demon-
strate that these biofilms contained at least two distinct subpopu-
lations, an actively growing population of cells near the air-biofilm
interface and a population of cells with a very low growth rate in
the deeper regions of the biofilms.
Response of cells to oxygen depletion in thickP. aeruginosa

biofilms.One explanation for the low gene expression activity and
low growth rate of cells in the deeper regions of these biofilms is
that these cells are oxygen limited. Previous oxygen microelec-
trode measurements of similarP. aeruginosacolony biofilms have
shown that the oxygen concentration progressively decreases
from the air interface to the bottom of the biofilm (10, 71). Other
studies have suggested thatP. aeruginosamay be exposed to anoxic
or hypoxic conditions in the cystic fibrosis (CF) lung environment
(26, 60, 74, 77). Several transcriptome studies have characterized
gene induction during microaerophilic and anaerobic respiratory
conditions forP. aeruginosa(3, 53, 61, 66). Microarray results here
show that some of the most abundant mRNA transcripts at the top
of these biofilms are for genes that are induced by oxygen limita-
tion stress (Fig. 4) (see Table S3 in the supplemental material).
Among these are the low oxygen sensor/regulator Anr and several
genes with Anr-regulatory boxes in their promoter regions, such
as thearcDABCarginine metabolism genes and theoprGgene for
the outer membrane protein. These genes were shown to be highly
upregulated during the transition from aerobic to hypoxic condi-
tions (66). The upregulation of genes responsive to low oxygen
stress at the top of these biofilms is not initially intuitive, since cells
at the biofilm periphery are in close proximity to the air-biofilm
interface. It would be reasonable to expect that cells in the bottom
fraction would be more likely to respond to oxygen limitation
than cells in the top fraction. However, these results suggest that
cells at the bottom of the biofilms have experienced prolonged
anoxia, whereas the cells at the top of the biofilm may be in a
transition state from aerobic to hypoxic conditions. This is con-
sistent with the microarray results of Trunk et al. (66), which
characterized gene induction during the transition from aerobic

keeping functions, including ATP metabolism (atpI-atpC 
operon), tricarboxylic acid (TCA) cycle enzymes, genes for pro-
teins involved in cell division (fts and min operons), and genes 
coding for enzymes involved in fatty acid biosynthesis. Since the 
half-life of most mRNAs is short, the high abundance of tran-
scripts for housekeeping functions suggests that most cells near 
the top of the biofilms are metabolically active for growth and cell 
division. Cells at the bottom of these biofilms are not expressing 
high levels of these genes and therefore may be in a slow-growth 
state or even metabolically dormant.
Selective GFP labeling of active and dormant subpopulations 

of P. aeruginosa biofilms. To characterize further the metabolic 
activity of cells at different regions within the biofilms, we used 
selective green fluorescent protein (GFP) labeling of active and 
inactive cells. P. aeruginosa MH475, which contains an L-arabi-
nose-inducible gfp gene, was first cultured planktonically in me-
dium without arabinose. Subculturing in medium with arabinose 
caused initially nonfluorescent cells to become fluorescent over 
the next several hours (see Fig. S3A in the supplemental material). 
After 12 h of growth under inducing conditions, 96% of the cells 
were scored as GFP  by using the flow cytometry assay described 
above. When a stationary-phase planktonic culture was induced 
with arabinose, there was little induction of GFP (see Fig. S3A); 
only 7% of the bacteria were scored as GFP , demonstrating that 
most cells had entered an inactive state. The observation of a few 
bright cells is interesting and suggests that even under conditions 
in which most of the bacteria appeared inactive, there was a small 
subpopulation that was actively synthesizing new protein. In the 
converse experiment, cells were originally cultured in the presence 
of arabinose to obtain fluorescent cells. These cells were then 
transferred to medium lacking the inducing agent. As the number 
of cells increased, the GFP was diluted and/or degraded in the 
daughter cells, resulting in a rapid loss of fluorescence. This pop-
ulation, which was initially scored as containing 93% GFP  cells, 
was completely devoid of bright cells after8hof growth (see Fig. 
S3B). The time constant for the decay of fluorescence in this pop-
ulation was 1.3  0.4 h1 (mean  SE), which is similar to the 
specific growth rate of the organism in this medium, 1.2  0.03 
h1 (mean  SE) (55).
Similar experiments were performed with P. aeruginosa 

MH475 colony biofilms by transfer to medium with or lacking 
arabinose. When biofilms were first cultured in the absence of 
L-arabinose for 48 h and then induced with arabinose, approxi-
mately 25% of the cells were scored as GFP  (Fig. 3A to D). Al-
though the intensity of the fluorescence increased over time, the 
percentage of cells did not increase significantly upon prolonged 
incubation with arabinose. The GFP  cells formed a 65-m-thick 
band along the biofilm periphery at the air-biofilm interface. In a 
previous study, we analyzed gfp mRNA abundances of similar bio-
films by LCM and qRT-PCR (36). Very little gfp mRNA was ob-
served in the middle or bottom portions of the biofilm, indicating 
that the lack of fluorescence in the deeper regions of the biofilms 
was due to little gfp expression in these regions of the biofilms and 
not due to lack of activation of the GFP by depletion of oxygen. 
While the cells at the base of the biofilms are nonfluorescent, they 
are still viable. Microscopic direct counts (DC) and CFU counts 
were similar and indicated that 95%  6% of all cells remained 
viable. CFU counts with and without gentamicin were also simi-
lar, indicating that the cells in the deeper portion of the biofilm 
maintained the gfp genetic construct.



ofP. aeruginosabiofilms. PA3309 (uspK) encodes a Usp-type uni-
versal stress protein required for pyruvate fermentation and long-
term anaerobic survival inP. aeruginosa(61). Schreiber et al. (61)
used a PA3309 promoter-GFP reporter gene fusion integrated
into theP. aeruginosachromosome to study the spatial distribu-
tion of PA3309 expression in flow-cell biofilms. In contrast to the
results here, where expression was highest in the top fraction, they
detected expression in the deeper layers of the biofilm. However,
the geometry of these two biofilm systems differs, which may ac-
count for the differences in layers where this gene is expressed. The
three studies (references 50 and 61 and the present study) indicate
that biofilms cultivated using different systems contain oxygen-
limited zones and result in the expression of Anr-regulated stress
response genes. The location of these zones may differ depending
on the biofilm cultivation system.
In addition to Anr-controlled stress response, other stress-re-

sponsive genes are expressed at high levels at the top of theseP.

FIG 3Selective GFP labeling of active and inactive bacteria. (A) Colony biofilm ofP. aeruginosaMH475 without induction by arabinose. Colony biofilm after
48 h without arabinose and then induced with 2% arabinose for (B) 4 h, (C) 12 h, or (D) 24 h. (E) Colony biofilm ofP. aeruginosaMH475 cultured in the presence
of 2% arabinose for 48 h. (E to H) Colony biofilms cultured in the presence of 2% arabinose for 48 h and then transferred to medium without arabinose for an
additional (F) 24 h, (G) 36 h, or (H) 48 h. FACS analysis ofL-arabinose-cultured biofilms, followed by the removal of arabinose and incubational for an additional
(I) 0 h, (J) 24 h, (K) 36 h, (L) 48 h.

to hypoxic conditions. While genes regulated by Anr are among 
the most abundant mRNA transcripts at the top of the biofilm, not 
all Anr-regulated genes are upregulated in the present study. 
Among the genes not showing increased expression at the top of 
these biofilm are genes involved in nitrate/nitrite reduction (see 
Table S1 in the supplemental material).
Expression of stress-responsive genes. The universal stress-

responsive (usp) genes are regulated by Anr (66). Transcripts for 
these genes, including PA1789, PA3309, PA4328, PA4352, and 
PA5027, are highly abundant at the top of the biofilms (Fig. 4) (see 
Table S3 in the supplemental material). The two most abundant 
usp mRNA transcripts are the uspK (PA3309) and uspN (PA4352) 
genes. Proteomic analysis of whole biofilms showed that UspK 
and UspN were abundant in P. aeruginosa biofilms (50). The pre-
vious proteomics study comparing two different P. aeruginosa 
strains in a flow-through biofilm system demonstrated that uspK 
and uspN induction and stress response may be a general feature



to local gene expression or to unusual stability of theibpA
transcript.
Expression of genes involved in stationary phase and quo-

rum sensing.Previously, we characterized the local expression of

FIG 4Microarray results for mRNA amounts of stress-responsive genes. The signal intensities for individual genes with means and variances are shown in Table
S3 in the supplemental material. The dark diagonal line would indicate genes with equal mRNA abundances at the top and bottom of the biofilms. The gray lines
show the results of a 2-fold difference in mRNA abundance for the top versus the bottom of the biofilms.

FIG 5qRT-PCR analysis ofibpAmRNA levels at the top (filled circles) and
bottom (open circles) ofP. aeruginosabiofilms. Samples used to measureibpA
mRNA were also used to measureacpPmRNA, which showed a high abun-
dance at the top of the biofilms (filled triangles) but was below the limit of
detection (b/d) at the bottom of the biofilms (open triangles).

aeruginosa biofilms. Alternative sigma factors, including mRNA 
for the rpoH heat shock sigma factor, are abundant at the top of the 
biofilms (Fig. 4) (see Table S3 in the supplemental material). Our 
previous proteomics study using whole biofilms showed high pro-
tein amounts of chaperones and proteases generally associated 
with the heat shock response (50). The transcriptomics results 
here are consistent with those of the proteomics study and also 
indicate that proteases and chaperones regulated by RpoH and 
misfolded protein stress are highly induced at the top of these 
biofilms. The mRNA transcript for the ibpA gene was the most 
abundant transcript at both the top and bottom of the biofilms 
(Fig. 4). IbpA has been shown to be upregulated in P. aeruginosa 
whole biofilms in a variety of different studies (21). IbpA plays a 
role in the heat shock response by binding misfolded proteins 
for delivery to refolding or degradation proteins (54). Lindner 
et al. (38) demonstrated that in Escherichia coli, IbpA localizes 
to the cell pole and proposed that IbpA may bind misfolded 
proteins for segregation into the aging members of the popu-
lation. To verify local mRNA abundances of the ibpA gene, we 
performed LCM and qRT-PCR on the ibpA transcripts from 
the top and bottom of the P. aeruginosa biofilms. The results 
show high ibpA mRNA abundance at both the top and bottom 
of the biofilms (Fig. 5). As a control, we performed an analysis 
for but did not detect mRNA for the acpP housekeeping gene in 
the bottom of the biofilms from the same samples used to test 
ibpA mRNA levels. Since both microarrays and qRT-PCR mea-
sure RNA abundances, it is difficult to discern whether the high 
ibpA mRNA abundance at the bottom of these biofilms is due



and rRNAs are stably maintained in the metabolically dormant
cells at the bottom of the biofilms. These cells may be capable of
resuscitation once the appropriate nutrients or space becomes
available. Interestingly, an mRNA transcript that is abundant at
the bottom of the biofilms (in addition to large amounts at the top
of the biofilms) is that for PA4463. PA4463 is homologous to the
ribosome-associated inhibitor RaiA ofE. coli. Along with ribo-
some modulation factor, Rmf, RaiA is involved in dimerizing of
ribosomes into a 100S unit, maintaining the ribosomes in a stable
but hibernating state (78). LCM and qRT-PCR experiments con-
firmed the local abundance of PA4463 mRNA transcripts at the
bottom of the biofilms and also show that mRNA for thermfgene
is above that of theacpPhousekeeping gene (Fig. 7). These protein
products may be important in maintaining viability of the dor-
mant subpopulation. To test this possibility, we constructed dele-
tion mutations of thermfand PA4463 genes and assayed the phe-
notype of cells lacking these hibernation factors. The wild-type
and mutant strains were cultured in colony biofilms and stained
with propidium iodide, which is used to detect cells with compro-
mised membrane integrity. The wild-type cells as well as the
PA4463 mutant cells showed very little propidium iodide uptake,
indicating that most cells with a PA4463 deletion remain intact
(Fig. 8A). However, thermfmutants consistently showed a band
of propidium iodide staining for cells at the bottom of the biofilms
(Fig. 8B), suggesting that thermfgene may be required for main-
tenance of cell integrity in the older dormant cells in the biofilm
population.
Dormant biofilm cells are more tolerant to antibiotics than

active cells.Dormant cells inP. aeruginosabiofilms should be less
susceptible to killing by antibiotics than the actively growing pop-
ulation. Here, we used the selective GFP labeling approaches de-
scribed above and FACS to determine the tolerance of the active
and dormant cell subpopulations to tobramycin and ciprofloxa-
cin. Coincident with the addition or removal of arabinose, cells
were exposed to an antibiotic (10 mg ml 1tobramycin or 1 mg

FIG 7qRT-PCR analysis ofrmfand PA4463 mRNA levels at the top and
bottom ofP. aeruginosabiofilms. Samples used to measurermfand PA4463
mRNA were also used to measureacpPmRNA, which showed a high abun-
dance at the top of the biofilms but was below the limit of detection (b/d) at the
bottom of the biofilms.

FIG 6 Microarray results for mRNA amounts of ribosomal proteins (dia-
monds), ribosomal RNAs (squares), and ribosome hibernation factors (trian-
gles). The dark diagonal line would indicate genes with equal mRNA abun-
dances at the top and bottom of the biofilms. The gray lines show the results of 
a 2-fold difference in mRNA abundance for the top versus the bottom of the 
biofilms. Means and variances of the signal intensities are shown in Table S5 in 
the supplemental material.

the rpoS stationary-phase sigma factor and the rhlR quorum-sens-
ing (QS) regulator in P. aeruginosa biofilms (51). Based on those 
results and on the local abundances of the 16S rRNA, we proposed 
that cells at the top of the biofilms were in a transition state from 
exponential to stationary phase. Here, using microarrays, we ex-
panded on those results by analyzing local mRNA abundances of 
genes proposed to be in the RpoS or QS regulons (62, 63). The QS 
regulators, the rhlR and lasR genes, and genes proposed to be 
members of these regulons had high mRNA abundances at the top 
of the biofilms and very low abundances at the bottom of the 
biofilm (see Fig S4 and Table S4 in the supplemental material). 
While it may be expected that QS and stationary phase would be 
properties of cells deeper in the biofilms, where cells are aging and 
cell density may be the greatest, these processes appear to be oc-
curring at the top of thick P. aeruginosa biofilms. The expression 
of the rpoS and QS regulons at the top of the biofilm likely reflects 
the transition of these cells to stationary phase as the cells become 
oxygen stressed. Little QS and rpoS regulon expression in the deep 
region of these biofilms reflects the overall low metabolic activity 
of those cells.
The ribosome and ribosome hibernation factors. The ribo-

somal RNAs remain at relatively constant levels throughout these 
biofilms, suggesting that even the dormant cells maintain a mini-
mum number of ribosomes per cell (51). The results here are 
consistent with those of our previous studies and show approxi-
mately equivalent amounts of the 23S, 16S, and 5S rRNAs at the 
top and the bottom of the biofilms (Fig. 6) (see Table S5 in the 
supplemental material). In contrast, mRNAs for the ribosomal 
proteins are among the most abundant transcripts at the top of the 
biofilms and are generally two orders of magnitude greater in 
abundance there than at the bottom of the biofilms (Fig. 6). 
Therefore, ribosomes are synthesized by the metabolically active 
cells at the top of the biofilms. However, since rRNA is rapidly 
degraded if it is not associated with a ribosome (19), the ribosomes



ml 1ciprofloxacin). Biofilms were then incubated in the presence
of the antibiotic for 24 h. The biofilms were dispersed and sorted
by FACS into fluorescent and nonfluorescent subpopulations.
Each subpopulation was tested for viability as CFU of the dis-
persed subpopulations (Table 2). When the active population was
selectively labeled with GFP by transferring biofilms from me-
dium lacking arabinose to medium with arabinose, a 1.2- to 3.2-
log reduction was observed for the GFP fluorescent cells following
exposure to the antibiotic (Table 2). In contrast, no reduction in
viability was observed for the nonfluorescent cells. In the converse
experiment, in which the dormant cells were selectively labeled
with GFP as described above, the addition of antibiotics resulted
in a 1.7- and 2.8-log reduction for the nonfluorescent cells. No
reduction in viability was observed for the GFP-labeled cells. We
also performed similar experiments using a continuous-drip flow
biofilm system and obtained similar results (Table 2). The results
support the hypothesis that the subpopulation of inactive bacteria
harbored inP. aeruginosabiofilms is less susceptible to killing by
tobramycin and ciprofloxacin. However, the actively growing
population remains sensitive to antibiotic killing.
The results here demonstrate that in thickP. aeruginosabio-

films, cells are in at least two distinct physiological states with
respect to gene expression, growth status, and antibiotic tolerance.
Cells at the top of these biofilms are active with respect to gene
expression and protein biosynthetic activity (GFP production).
The cells at the top of the biofilm, although active, are likely

stressed, perhaps due to bacterial utilization of oxygen and tran-
sition to an hypoxic environment. Based on results showing in-
duction of the QS andrpoSregulons, the cells at the top of the
biofilm appear to be in transition to a growth status that resembles
the stationary phase of planktonic bacteria. The cells at the bottom
of the biofilm are generally inactive with respect to expression of
most genes or protein production. However, the cells at the bot-
tom of these biofilms are viable and contain relatively high levels
of mRNA for theibpAgene. Since IbpA is a chaperone and part of
the protein refolding/degradation complex, it likely helps protect
cells from protein misfolding in the aging cell subpopulation. The
bottom of the biofilm also has high abundances of mRNA for the
Rmf and PA4463 ribosome hibernation factors. One mechanism
for maintaining viability in these dormant cells is to inactivate
ribosomes in the dimerized state, with Rmf and PA4463, keeping
protein synthesis in an inactive state until proper nutrients or
space becomes available. Presently, it is not clear if these genes that
show high mRNA abundance at the bottom of the biofilms are
actively expressed at the biofilm base or if they are expressed by the
cells entering stationary phase, and the mRNA maintained by un-
usually long half-lives of these specific transcripts. The biofilm
subpopulation with a low growth rate is tolerant to the antibiotics
ciprofloxacin and tobramycin, while the faster-growing popula-
tion is more susceptible to killing by these antibiotics, suggesting
that while bacteria growing in biofilms are more resistant to anti-

FIG 8Propidium iodide (PI) staining ofP. aeruginosacolony biofilms, Each strain constitutively expressed the GFP from plasmid pMF230 for visualization of
the colonies. Cells were stained by placing colony biofilms on filters containing PI for 30 min, as described in Materials and Methods. Biofilms were imaged
following cryoembedding and thin sectioning. (A) Very little PI staining was observed forP. aeruginosaPAO1. (B) TheP. aeruginosa rmfstrain consistently
showed a band of red fluorescence, indicative of PI uptake, along the bottom of the biofilm. TheP. aeruginosa PA4463 strain had variable levels of staining but
generally did not stain with PI. PI uptake is often used to indicate cells with compromised cell membranes.

TABLE 2Differential antibiotic susceptibility ofP. aeruginosabiofilm subpopulations

Biofilm type Antibiotic

Log reduction

PvalueGFP cells GFP cells

Arabinose-induced exptsa

Colony Ciprofloxacin 1.21 0.12 0.48 0.21 0.002
Colony Tobramycin 3.27 0.61 1.02 0.22 0.003

Arabinose removal exptsb

Colony Ciprofloxacin 0.39 0.03 2.78 0.06 0.001
Colony Tobramycin 0.08 0.12 2.78 0.02 0.001
Drip flow Ciprofloxacin 1.32 0.47 2.48 0.58 0.184
Drip flow Tobramycin 0.63 0.38 1.72 0.28 0.019

aThe population was sorted by flow cytometry into GFP (active cell) and GFP(dormant cell) fractions.
bThe population was sorted by flow cytometry into GFP (dormant cell) and GFP(active cell) fractions.
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