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ABSTRACT Transcriptomic, metabolomic, physiological, and computational model-
ing approaches were integrated to gain insight into the mechanisms of antibiotic
tolerance in an in vitro biofilm system. Pseudomonas aeruginosa biofilms were grown
in drip flow reactors on a medium composed to mimic the exudate from a chronic
wound. After 4 days, the biofilm was 114 �m thick with 9.45 log10 CFU cm�2. These
biofilms exhibited tolerance, relative to exponential-phase planktonic cells, to subse-
quent treatment with ciprofloxacin. The specific growth rate of the biofilm was esti-
mated via elemental balances to be approximately 0.37 h�1 and with a reaction-
diffusion model to be 0.32 h�1, or one-third of the maximum specific growth rate
for planktonic cells. Global analysis of gene expression indicated lower transcription
of ribosomal genes and genes for other anabolic functions in biofilms than in
exponential-phase planktonic cells and revealed the induction of multiple stress re-
sponses in biofilm cells, including those associated with growth arrest, zinc limi-
tation, hypoxia, and acyl-homoserine lactone quorum sensing. Metabolic path-
ways for phenazine biosynthesis and denitrification were transcriptionally
activated in biofilms. A customized reaction-diffusion model predicted that steep
oxygen concentration gradients will form when these biofilms are thicker than
about 40 �m. Mutant strains that were deficient in Psl polysaccharide synthesis,
the stringent response, the stationary-phase response, and the membrane stress
response exhibited increased ciprofloxacin susceptibility when cultured in bio-
films. These results support a sequence of phenomena leading to biofilm antibi-
otic tolerance, involving oxygen limitation, electron acceptor starvation and
growth arrest, induction of associated stress responses, and differentiation into
protected cell states.

IMPORTANCE Bacteria in biofilms are protected from killing by antibiotics, and
this reduced susceptibility contributes to the persistence of infections such as
those in the cystic fibrosis lung and chronic wounds. A generalized conceptual
model of biofilm antimicrobial tolerance with the following mechanistic steps is
proposed: (i) establishment of concentration gradients in metabolic substrates
and products; (ii) active biological responses to these changes in the local
chemical microenvironment; (iii) entry of biofilm cells into a spectrum of states
involving alternative metabolisms, stress responses, slow growth, cessation of
growth, or dormancy (all prior to antibiotic treatment); (iv) adaptive responses to
antibiotic exposure; and (v) reduced susceptibility of microbial cells to antimicro-
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bial challenges in some of the physiological states accessed through these
changes.

KEYWORDS antibiotic resistance, biofilms, physiology, starvation, stress response

What happens when microorganisms form a biofilm that renders them less sus-
ceptible to killing by antimicrobial agents? Among the answers we have consid-

ered are the following: (i) the antimicrobial agent fails to penetrate into the biofilm
structure; (ii) biofilm cells deploy active (energy-dependent) stress responses (e.g.,
expression of drug efflux pumps, SOS response) that confer protection from the
antimicrobial agent; (iii) some of the cells in the biofilm shift to alternative metabolisms
and in these altered metabolic states are less susceptible; (iv) some of the microbial
cells in the biofilm stop growing altogether and become less susceptible by virtue of
their inactivity; (v) some biofilm cells enter dormant or persister states in which specific
protective functions have been expressed (this state is conceptually distinct from the
previous state in that dormant cells have actively remodeled the cell to afford protec-
tion, in contrast to simple cessation of activity); and (vi) microorganisms actively adapt
once exposed to the antibiotic. A combination of these factors may also cause biofilm
cells to be less susceptible to antibiotic treatments than planktonic cells.

We seek a mechanistic sequence of physical, chemical, and biological events that
results in reduced biofilm susceptibility to antimicrobial agents (Fig. 1). In the particular
case of ciprofloxacin and a Pseudomonas aeruginosa biofilm, experimental measure-
ments from independent laboratories using varied techniques have consistently dem-
onstrated rapid and effective penetration of fluoroquinolone antibiotics throughout the
biofilm (1–5). We therefore regarded poor penetration as an unlikely mechanism and
focused our attention on physiological changes in biofilm bacteria. Thus, the following
steps are proposed for increased tolerance of biofilms to antibiotics: (i) establishment
of concentration gradients in metabolic substrates and products through reaction-
diffusion interactions (this term refers to the diffusive transport of oxygen [for example]
and its simultaneous consumption [reaction] by microbial respiration) (6); (ii) active
biological responses to these changes in the local chemical microenvironment through
shifts in gene expression or alterations of enzyme activity; (iii) entry of biofilm cells into
a spectrum of states involving alternative metabolisms, stress responses, slow growth,
cessation of growth, and dormancy (7, 8); (iv) deployment of adaptive responses
subsequent to antibiotic exposure (9, 10); and (v) reduced susceptibility of microbial
cells to antimicrobial challenges in some of the resultant physiological states.

Prior work informs this hypothesized sequence for P. aeruginosa biofilms in partic-
ular. Depletion of oxygen in the interior of P. aeruginosa biofilms has been demon-
strated through microelectrode measurements of oxygen concentration profiles (11–
15). Increased concentrations (relative to the concentration outside the biofilm) of a
metabolic product, pyocyanin, have been measured proximal to a biofilm cluster (16).
Prior transcriptomic comparisons of gene expression between planktonic and biofilm P.
aeruginosa bacteria have suggested responses to hypoxia (17), iron limitation (18),
nutrient limitation (17), and upregulation of phenazine biosynthesis (17) and the
denitrification pathway (18, 19). Characterization of the spatial distribution of anabolic
activity within P. aeruginosa biofilms has revealed stratified patterns with activity
focused near the source of oxygen and putative regions of nongrowing bacteria distal
from the oxygen-supplied interface (4, 11, 13, 19). Data from the literature on the killing
activity of ciprofloxacin against planktonic and biofilm P. aeruginosa PAO1 (12, 19–23)
confirm the reduced susceptibility of bacteria in the biofilm state to the antibiotic (Fig.
2). Other reports describe the contributions of specific genes or regulatory systems to
antibiotic tolerance in P. aeruginosa biofilms (21, 24–34).

Biofilm tolerance to antimicrobial action refers to a comparison between the sus-
ceptibilities of the same microorganism tested in a biofilm model and in a planktonic
assay. The biofilm susceptibility measured depends strongly on the biofilm method
used (35). So, too, does planktonic susceptibility depend on the specific conditions of
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FIG 1 Hypothesized steps in the development of antibiotic tolerance in a P. aeruginosa biofilm. (A) Early
on, there is little change in the chemical microenvironment within the biofilm. The biofilm is well
permeated by oxygen and is characterized by rapid growth and relatively high antibiotic susceptibility.
(B) Oxygen depletion first manifests when the biofilm reaches a thickness of approximately 40 �m,
leading to the induction of genetic and metabolic responses to hypoxia and the onset of growth rate
limitation. Anaerobic respiration of nitrate and nitrite may ensue, depending on the availability of these
alternate electron acceptors. (C) As the biofilm attains its mature thickness, reaction-diffusion interactions
lead to zones of decreased concentrations of metabolic substrates (e.g., oxygen, nitrite, zinc) and
increased concentrations of metabolic products (e.g., homoserine lactone quorum-sensing molecules,
phenazines) within the biofilm. Sustained changes in the chemical microenvironment subsequently
modulate gene expression, enzyme activity, and metabolic fluxes and, over time, result in altered
metabolisms, deployment of stress responses, anabolic inactivity, and dormancy, each of which can
contribute to antibiotic tolerance. All of these hypothesized changes, which may have alternative
sequences or parallel progress, occur prior to antibiotic exposure. (D) Finally, antibiotic treatment induces

(Continued on next page)
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the test, including the medium, growth phase, aeration, and cell density. In this work,
we have chosen to use aerated, exponential-phase planktonic cells for the planktonic
reference state for metabolomic and transcriptomic comparisons to biofilm cells. One
might reasonably argue that stationary-phase planktonic cells would be a more appro-
priate comparator. Cells in stationary phase may resemble cells in the nutrient-depleted
regions of a biofilm. Stationary phase is, however, chemically and temporally ill defined
and therefore makes a poor reference state. Exponential-phase planktonic cells can be
assigned a single, quantitative specific growth rate, and this growth rate remains
unchanged over multiple generations, establishing that the chemical environment of
the culture is not changing in a way that impacts the physiology of the cells. The
chemical environment is essentially given by the composition of the fresh medium,
which is known. Stationary phase, despite the implication of stasis in this name, is
neither fixed nor clearly defined. It is reasonable to anticipate that cells in a shaken
batch culture that have just entered stationary phase at 12 h after inoculation will differ
physiologically from cells in the same flask 2 days later. The chemical conditions in a
stationary-phase culture have changed in multiple, uncharacterized ways from those in
the initial medium, and the growth-limiting substrate (or inhibitive product) is not
usually known. Thus, the conditions in a stationary-phase culture flask do not neces-
sarily mimic those inside a biofilm. For these reasons, stationary phase is not an
adequate model for biofilm physiology and, because of the lack of chemical definition,
is a problematic reference state for dissecting biochemical mechanisms.

The assumption implicit in our conceptual model of biofilm antimicrobial tolerance
is that susceptibility is dictated by the physiological state of the cell, whether that cell
is embedded within a biofilm or is floating in an aqueous medium. There is no intrinsic
difference between a cell in a biofilm and cell in a free aqueous suspension— only
differences in their physiological states that arise from different environmental histo-
ries. By this logic, “biofilm tolerance” may be an artifact of comparing microorganisms

FIG 1 Legend (Continued)
adaptive responses that may further enhance antibiotic tolerance. The oxygen gradients shown on the
left were calculated with the reaction-diffusion model as explained in the text. Specific growth rates (�)
were determined from the calculated oxygen concentrations: �p, growth rate under planktonic condi-
tions; �s, predicted growth rate at the substratum; �avg, average growth rate in the biofilm. Physiological
states, shown on the right, are color coded as follows: white, rapidly growing cells, oxygen replete,
physiologically similar to exponential-phase planktonic cells; green, cells deploying hypoxic stress,
starvation, or quorum-sensing responses; blue, denitrifying cells; pink, dormant cells; red, cells deploying
adaptive responses to antibiotic exposure; black, dead cells.

FIG 2 Planktonic P. aeruginosa bacteria (open circles) are killed more quickly by ciprofloxacin than are
bacteria in mature biofilms (filled circles). The duration of antibiotic exposure is shown along the x axis.
Data are from references 9, 15, and 17 to 19 and this study.
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in biofilms that have aged, often for a period of days, through transitions of microen-
vironmental chemistry with organisms in planktonic culture that are usually challenged
soon after inoculation and are still growing rapidly. In this article, we seek to under-
stand more clearly the physiological state of bacteria in a biofilm system and to explain
these states mechanistically.

In the present study, we undertook an investigation of the model proposed in Fig.
1 using a single-species P. aeruginosa biofilm, a medium designed to mimic the milieu
in a human chronic wound, and the antibiotic ciprofloxacin. An in vitro continuous-flow
reactor system was used to investigate in detail changes in the chemistry, metabolism,
gene expression, and antibiotic susceptibility of the biofilm bacteria and to gain insight
into specific features of these possible protective mechanisms.

RESULTS
Reaction-diffusion modeling predicts oxygen concentration gradients in bio-

films. A reaction-diffusion model was solved to characterize the distribution of oxygen
within the P. aeruginosa biofilm grown in the drip flow reactor (DFR). The purpose of
this modeling was to demonstrate that changes in the chemical microenvironment
within the biofilm, which determine subsequent alterations in physiology, derive from
a fundamental chemical-physical interaction. Using parameter values representative of
this reactor system (see Table S1 in the supplemental material), the model predicted
that steep oxygen concentration gradients form in biofilms that are thicker than about
40 �m (Fig. 1). The concentration of oxygen at the substratum of the biofilm was
calculated to decrease geometrically with increasing biofilm thickness (see Fig. S1 in the
supplemental material). These calculations reinforce the plausibility of oxygen limita-
tion as an important chemical microenvironmental condition for these biofilms.

The specific growth rate is reduced in biofilms. In planktonic culture in an
artificial chronic wound exudate (ACWE) medium at 33°C, P. aeruginosa PAO1 grew with
an exponential-phase maximum specific growth rate of 1.09 � 0.18 h�1. This medium
and temperature were chosen to mimic the chemical and physical conditions in a
human chronic wound. Material balances were used to estimate the average specific
growth rate of the same bacteria when growing as a biofilm in the drip flow reactor in
the same medium and at the same temperature. When the biofilm was 4 days old, the
biofilm specific growth rate was calculated to be 0.37 h�1, which corresponds to 34%
of the planktonic maximum specific growth rate. This growth rate estimate represents
an average for all of the biomass in the biofilm. In addition, the reaction-diffusion model
enables a theoretical determination of the biofilm average specific growth rate by
converting the local oxygen concentration into a local growth rate. When calculated for
a mature-biofilm thickness of 114 �m, the mean growth rate by this analysis was 0.32
h�1. The difference between these biofilm and exponential-phase planktonic growth
rate values is consistent with growth rate limitation and slower growth in the biofilm.

The expression of genes associated with anabolism and ATP metabolism is
reduced in biofilms. When gene expression levels determined with microarrays were
analyzed using the gene ontology tool DAVID, a general pattern of downregulation of
anabolic and ATP-dependent activities in biofilms relative to exponential-phase plank-
tonic cells was observed (Table 1). No metabolic pathways were identified as upregu-
lated in biofilms by this analysis using the default DAVID parameters. The 17 gene
ontology groups that were statistically significantly downregulated in the biofilm
relative to exponential-phase planktonic conditions included ribosome components;
ATP binding, ATP synthase, and ATP synthesis coupled electron transport activities; and
multiple biosynthetic pathways (Table 1).

Multiple stress responses are activated in biofilms. A customized gene set
enrichment analysis comparing expression in exponential-phase planktonic cells, un-
treated biofilms, and ciprofloxacin-treated biofilms revealed the induction of multiple
stress responses in biofilm cells (Table 2; see also Data Sets S1 to S3 in the supplemental
material), even those not exposed to the antibiotic. Among the gene sets with
statistically significantly higher expression in untreated biofilms than in exponential-
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phase planktonic cells were those associated with the stationary phase, zinc limitation,
oxygen downshift, oxygen limitation, acyl-homoserine lactone quorum sensing, and
osmotic stress. Metabolic pathways for phenazine biosynthesis and denitrification were
transcriptionally activated in biofilms as well.

P. aeruginosa is capable of synthesizing three extracellular polysaccharides (Psl, Pel,
and alginate), which are known to be involved in biofilm formation depending on the
strain and environmental conditions (36). The biosynthetic genes involved in producing
these polymers were not expressed at higher levels in biofilms than in planktonic cells
(P � 1.0). As a group, genes associated with drug efflux pumps (P � 0.21) and oxidative
stress (P � 0.33) also were not differentially expressed under biofilm and exponential-
phase planktonic conditions.

Regulon analyses indicated activation of the RpoS, MvfR, and VqsM regulons in
biofilms relative to exponential-phase planktonic cells (Table 3). The RpoS and MvfR
regulons are known to be expressed at high cell densities. Gene sets positively
regulated by Anr or RsmA were not upregulated in biofilms with statistical significance.

TABLE 1 Expression of mRNAs associated with anabolic activity and ATP metabolism is
reduced in P. aeruginosa biofilms relative to that in exponential-phase planktonic
culturesa

Gene ontology term P value

Structural constituent of ribosome 1 � 10�24

ATP binding 2 � 10�10

Biosynthesis of secondary metabolites 7 � 10�5

Pyridoxal phosphate binding 0.0004
Aminoacyl-tRNA biosynthesis 0.0007
Proton-transporting ATP synthase activity, rotational mechanism 0.0007
Oxidoreductase activity, acting on NAD(P)H, quinone or similar

compound as acceptor
0.0016

Histidine biosynthetic process 0.0041
Fatty acid biosynthetic process 0.0104
Peptidyl-prolyl cis-trans isomerase activity 0.0111
DNA topological change 0.0132
GTP binding 0.0195
Cobalamin/porphyrin biosynthetic process 0.0221
Arginine biosynthetic process 0.0230
Lysine biosynthetic process via diaminopimelate 0.0285
ATP synthesis coupled electron transport 0.0304
Pyridoxine biosynthetic process 0.0350
aFunctional annotation clustering of P. aeruginosa genes downregulated in biofilms relative to planktonic
growth (�2-fold change; P � 0.05) is based on gene enrichment analysis of gene ontology groups using
DAVID. There were no statistically significant clusters for genes upregulated in biofilms using these
parameters.

TABLE 2 Stress responses are activated in P. aeruginosa biofilms relative to those in
exponential-phase planktonic culturesa

Activityb

P value for association with differential gene
expression in biofilms

Upregulation Downregulation

Stationary phase 10�15 1.00
Zn limitation 10�15 1.00
Oxygen downshift 10�14 0.16
Oxygen limitation 10�13 0.98
HSL quorum sensing 10�10 0.42
Denitrification 10�6 1.00
Phenazine biosynthesis 10�4 1.00
Virulence factors 10�3 1.00
Osmotic stress 10�3 1.00
Ammonia release 0.05 10�6

aBased on gene set enrichment analysis (2-fold change).
bHSL, homoserine lactone.
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AmgRS-regulated genes were not differentially expressed under biofilm and planktonic
conditions.

Treatment of biofilms with ciprofloxacin induced responses to oxidative stress and
DNA damage, the SOS response (37) in particular (Table 4; see also Data Set S3 in the
supplemental material). Many of the stress response gene sets identified as upregu-
lated in untreated biofilms relative to planktonic cells (Table 2) were downregulated in
antibiotic-treated biofilms relative to untreated biofilms.

Biofilm cells consume more glucose and lactate and a lower proportion of
amino acids than planktonic cells. Carbon sources in the ACWE medium that could
potentially support bacterial growth included lactic acid, glucose, and all 20 amino
acids. These compounds together provided 100 mM carbon. With the exception of
three amino acids (cysteine, arginine, and asparagine) that were not detectable in the
gas chromatography-mass spectrometry (GC-MS) analysis, these carbon sources were
analyzed in fresh medium, exponential-phase planktonic cultures, and biofilm reactor
effluents. The detectable analytes represented 98% of the usable carbon in the me-
dium. By comparing the patterns of carbon source utilization by biofilm and
exponential-phase planktonic cells, it can be seen that biofilm cells used more glucose
and lactic acid and a lower proportion of amino acids than did planktonic cells (Fig. 3;
see also Data Set S4 in the supplemental material). Biofilm bacteria excreted acetate

TABLE 3 Regulons of RpoS and MvfR are activated in biofilms relative to exponential-
phase planktonic culturesa

Activityb

P value for association with differential gene expression
in biofilms

Upregulation Downregulation

RpoS� 10�15 1.00
RpoS– 10�6 0.61
MvfR� 10�15 0.22
MvfR– 0.05 1.00
VqsM� 10�4 10�15

VqsM– 10�7 1.00
Anr� 0.09 10�4

Crc� 1.00 10�5

Crc– 0.33 10�7

RsaL� 1.00 10�5

RsaL– 10�15 1.00
RsmA� 0.01 1.00
RsmA– 0.19 0.29
AmgR� 0.69 0.48
aBased on gene set enrichment analysis.
b� or –, positive or negative regulation.

TABLE 4 Oxidative stress and the SOS response are activated in P. aeruginosa biofilms
treated with ciprofloxacin relative to untreated biofilmsa

Activityb

P value for association with differential gene
expression in biofilms

Upregulation Downregulation

Peroxide stress 10�14 0.33
SOS response 10�5 1.00
Stationary phase 1.00 10�15

HSL quorum sensing 1.00 10�15

Virulence factors 1.00 10�14

Zn limitation 1.00 10�13

Oxygen limitation 1.00 10�6

Phenazine biosynthesis 1.00 10�6

Fe limitation 0.94 10�5

aBased on gene set enrichment analysis.
bHSL, homoserine lactone.
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(1.42 mM), whereas this metabolic product was not detected in planktonic-culture
supernatants.

Biofilms treated with ciprofloxacin for 24 h continued to consume carbon sources at
rates essentially unchanged from those in the pretreatment state. Untreated biofilms
consumed a total of 49.7 mM carbon, while antibiotic-treated biofilms consumed
49.9 mM carbon. The profiles of carbon source usage were similar for untreated and
treated biofilms (see Fig. S2 in the supplemental material). Ciprofloxacin-treated bio-
films excreted less acetate (0.87 mM carbon) than untreated biofilms (2.83 mM carbon).

Additional metabolite measurements are consistent with an overall metabolic
downshift in biofilms with activation of quorum sensing. Analysis of intracellular
metabolites in exponential-phase planktonic and biofilm cells detected thousands of
molecular features corresponding to 352 tentatively identified metabolites (see Data
Sets S5 and S6 in the supplemental material). In this group, 58 metabolites had
significantly different abundances in exponential-phase planktonic and biofilm cells
(P � 0.05). Of these, 57 were present at lower concentrations in biofilm samples than in
planktonic cells, whereas just 1 was present at a higher concentration in biofilm cells
(see Fig. S3 in the supplemental material). To take a specific group of metabolites,
consider the four amino acids detected in both biofilm and planktonic cells for which
a difference in concentration at a significance level (P) of �0.05 was determined. All
four of these amino acids showed lower abundances in biofilm cells than in planktonic
cells, with fold changes (FC) ranging from 9 to 63. Decreased concentrations of
metabolic intermediates may reflect an overall decrease in the metabolic activity of
biofilm cells. In foundational work by Frimmersdorf et al. (38), intracellular metabolites
of P. aeruginosa showed a general pattern of lower concentrations in stationary-phase
cells than in exponential-phase cells when grown on Casamino Acids, citrate, or
succinate.

Two features corresponding to N-(3-oxo-dodecanoyl)-L-homoserine lactone were
detected, indicating higher concentrations of this signaling molecule in biofilm cells
than in exponential-phase planktonic cells (FC � 36.2 and 4.1 [P � 0.03 and 0.06] for
the two features, respectively). The phenazine product pyocyanin was detected in the
intracellular metabolite pool. Pyocyanin had a relatively small increase in biofilm cells
relative to exponential-phase planktonic cells that was not statistically significant (FC �

2.3; P � 0.32). Four tricarboxylic acid (TCA) cycle metabolites were detected. Three of
these did not differ in concentration between biofilm and exponential-phase plank-
tonic cells (succinate, fumarate, and oxaloacetate [P � 0.20, 0.51, and 0.97, respec-

FIG 3 Biofilm cells consume more glucose and lactate and a lower proportion of amino acids than
planktonic cells. The dotted line is the line of equality.

Stewart et al. Journal of Bacteriology

November 2019 Volume 201 Issue 22 e00307-19 jb.asm.org 8

 on O
ctober 21, 2019 at M

O
N

T
A

N
A

 S
T

A
T

E
 U

N
IV

 A
T

 B
O

Z
E

M
A

N
http://jb.asm

.org/
D

ow
nloaded from

 

https://jb.asm.org
http://jb.asm.org/


tively]). �-Ketoglutarate levels were lower under biofilm conditions than under plank-
tonic conditions (FC � 6.3; P � 0.05).

In examining the transcriptome data, we noticed a number of genes associated with
the release of free ammonia in the breakdown of amino acids that were downregulated
in the biofilm mode of growth (relative to the planktonic mode). We hypothesized that
biofilm bacteria might be experiencing ammonia stress. Ammonia could come either
from amino acid catabolism or from the hydrolysis of urea, an abundant constituent of
the ACWE medium. To further investigate this possibility, assays for ammonium, urea,
and pH were performed on biofilm reactor effluents. These measurements, summarized
in Table S2 in the supplemental material, revealed no substantial pH change, urea
hydrolysis, or ammonia accumulation in the biofilm system. When the wild-type (WT)
strain was grown as a biofilm on a medium lacking urea, its susceptibility to cipro-
floxacin (log reduction, 1.71; n � 1) was not different from that in the baseline exper-
iment in complete medium (log reduction, 1.79).

Mutants deficient in Psl polysaccharide synthesis, the stringent response, the
stationary-phase response, and the membrane stress response exhibit increased
ciprofloxacin susceptibility in biofilms. P. aeruginosa formed robust biofilms when
grown on ACWE medium in a drip flow reactor (see Fig. S4 in the supplemental
material). Untreated 4-day-old biofilms contained 9.45 � 0.46 log10 CFU cm�2 (mean �

standard deviation; n � 17). When these biofilms were subsequently treated with 1 �g
of ciprofloxacin ml�1 (the MIC for planktonic cells in ACWE medium was 0.06 �g ml�1)
for 24 h, the resulting log reduction was 1.79 � 0.43 (n � 15). Antibiotic-treated biofilms
contained less biomass than untreated biofilms (see Table S3). The protein content of
treated biofilms was 23% that of the untreated biofilm; the carbohydrate content of
treated biofilms was 59% that of the untreated biofilm; and the DNA content of treated
biofilms was 77% that of the untreated biofilm. The mean thickness (�standard
deviation) of a single untreated biofilm (48 microscale measurements) was 114 �

48 �m, whereas the mean thickness of a single biofilm after ciprofloxacin treatment (47
microscale measurements) was 157 � 56 �m.

Selected mutant strains were grown as biofilms for 3 days and were then treated
with ciprofloxacin. Most of these mutants (15 of 18), when cultured in biofilms,
exhibited ciprofloxacin susceptibilities similar to that of the wild-type strain (Fig. 4).
Four mutants exhibited higher susceptibilities than the WT when grown as biofilms: the
psl, ΔrelA ΔspoT, rpoS, and amgR mutants. An isocitrate lyase (aceA) mutant exhibited
decreased biofilm susceptibility to ciprofloxacin.

It is known that the pretreatment cell density of a biofilm affects its antimicrobial
susceptibility (35). Could the differential sensitivities of mutant strains result from
differences in starting cell numbers? The viable areal cell densities of biofilms grown
from mutant strains displaying a significant differential susceptibility phenotype, ex-
pressed as percentages of the mean wild-type density, were 63% for the psl mutant,
56% for the ΔrelA ΔspoT mutant, 68% for the amgR mutant, 205% for the rpoS mutant,
and 115% for the aceA mutant. None of these differences between mutant and
wild-type densities was statistically significant. To test for the hypothesized effect, we
performed a linear regression of log reduction versus initial areal cell density for all
mutant and wild-type data. No statistically significant correlation was found (R2 �

0.096; P � 0.47).

DISCUSSION

The goal of this project was to integrate the chemical, transcriptomic, metabolomic,
and physiological data from an experimental biofilm system in a conceptual and
mechanistic framework that provides a detailed characterization of how bacterial
phenotypes change within a biofilm and which of these changes are associated with
decreased antibiotic susceptibility. The narration that follows presents this integrated
mechanism, the sequence of which is diagrammed in Fig. 1, with discussion of its
successes and limitations.
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Reaction-diffusion interactions change the chemical microenvironment inside
a biofilm. As a P. aeruginosa biofilm develops in the drip flow reactor, an oxygen
concentration gradient manifests, and oxygen becomes limiting in the depths of the
biofilm. Based on prior measurements with oxygen microelectrodes in similar biofilms,
the onset of oxygen limitation at the base of the biofilm is anticipated by the time the
biofilm is approximately 50 �m thick (11, 19). Mature biofilms composed of or contain-
ing P. aeruginosa, when probed with a microsensor, always exhibit steep oxygen
concentration gradients and regions of very low oxygen concentration (4, 11–15, 19, 39,
40). Oxygen gradients and hypoxic zones have also been measured in vivo or ex vivo in
humans or in animal models of chronic wound infections (15, 41, 42). Oxygen pene-
tration into the biofilm grown in this investigation was calculated with a reaction-
diffusion model to confirm this outcome using system-specific parameter values (Fig.
1). For a biofilm that is 100 �m thick, the oxygen concentration at the base of the
biofilm (i.e., at the substratum) was calculated to be a millionfold less than the air
saturation concentration. This result is in accord with a long history of reaction-diffusion
modeling in the biofilm field (6, 43–45) and underscores the rigorous, quantitative
physical-chemical basis for predicting and understanding such oxygen concentration
profiles.

In contrast, carbon and nitrogen sources in the medium (lactic acid, glucose, and
amino acids) are not predicted to be limiting within the biofilm. Once oxygen is locally
depleted, the catabolism of these electron donors will largely cease. For example, for
lactic acid, the concentration at the base of a 100-�m-thick biofilm was calculated to
be 97.2% of the bulk fluid concentration. Thus, the microenvironment in the lower
zones of the mature biofilm is expected to be replete with carbon- and nitrogen-
containing substrates while anoxic.

Gene expression and enzyme activities are altered within the biofilm. It is
logical to anticipate that oxygen deprivation will trigger multiple biological conse-
quences. The first of these may be the expression of genes that are induced under

FIG 4 Mutants deficient in Psl biosynthesis (ΔpslA), the stringent response (ΔrelA ΔspoT), the membrane
stress response (amgR), stationary-phase sigma factor regulation (ΔrpoS), and the glyoxylate shunt
pathway (aceA) exhibit differential susceptibilities to ciprofloxacin in biofilms. The killing of wild-type
(WT) and mutant P. aeruginosa strains in 3-day-old biofilms by ciprofloxacin was determined by viable
plate counts. The dashed line delineates the killing of the WT bacteria, which resulted in a log reduction
of 1.79 � 0.43 (n � 15). Mutations that gave statistically significantly different log reductions are marked
with asterisks (**, P � 0.01; *, P � 0.05).
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conditions of an oxygen downshift (a transfer from aerobic to anaerobic conditions, as
described by Trunk et al., for example [46]) or under hypoxic conditions (as described
by Alvarez-Ortega and Harwood, for example [47]). Indeed, highly significant overlap
was found between both of these published gene sets and the genes upregulated in
96-h-old biofilms (Table 2). Of the 75 genes with �10-fold higher expression in biofilm
cells than in exponential-phase planktonic cells, 23 appear on either the Trunk et al. list
(46) or the Alvarez-Ortega and Harwood list (47). These include, for example, genes
coding for enzymes in the denitrification pathway. Many of these 23 oxygen limitation-
associated genes are annotated as hypothetical proteins (16 genes, or 70%), indicating
that the response to oxygen limitation remains incompletely understood.

In addition to oxygen limitation, there is a strong signature for Zn limitation (48) in
the biofilm transcriptome (Table 2). No zinc was added to the medium as a distinct
ingredient, so the zinc that was available must have been present as a contaminant in
the water used to prepare the medium or in one or more of the reagents. Zinc
limitation was not evident in the transcriptome of exponential-phase planktonic cul-
tures. Zinc limitation within the biofilm could occur by the same reaction-diffusion
interaction that leads to oxygen limitation. Another explanation for why zinc becomes
limiting in the biofilm but not in planktonic cultures is that extracellular polymeric
substances in the biofilm sequester zinc. If the biofilm matrix binds zinc, and biofilm
cells synthesize more matrix, then the zinc requirement for building a biofilm would be
greater than the zinc requirement for forming planktonic cells, and the biofilm would
consequently be more vulnerable to experiencing limitation for this element. Recent
transcriptomic and proteomic analyses of P. aeruginosa from cystic fibrosis (CF) sputum
have reported data indicative of zinc limitation in vivo in this milieu (49, 50).

In contrast to metabolic substrates such as oxygen and zinc, which are found at
lower concentrations inside a biofilm than outside, a metabolic product will be present
at a higher concentration inside the biofilm. This is expected to be the case with
quorum-sensing signal molecules such as the acyl-homoserine lactones and could
explain the observed higher expression of certain quorum-sensing-regulated virulence
factors in biofilm cells (Table 2). Oxo-dodecanoyl homoserine lactone was measured at
higher intracellular concentrations in biofilm cells than in exponential-phase planktonic
cells. Genes known to be specifically regulated by homoserine lactones, such as the
elastase gene lasA (23-fold-higher expression in biofilms than in planktonic cultures),
were upregulated in biofilms (Table 2).

Shifts in metabolism, deployment of stress responses, growth arrest, and entry
into dormancy occur in biofilms prior to antibiotic exposure. As oxygen limitation
persists in the depths of the biofilm, one would expect to observe a shift from aerobic
respiration to alternative metabolisms that do not depend on molecular oxygen:
denitrification (51, 52), arginine fermentation (52), or pyruvate fermentation (53–55).
Although evidence of activation of the denitrification pathway in biofilms is seen in the
transcriptomic data, the flux through this pathway and its functional impact would be
constrained by the low concentration of nitrite in the medium (58 �M). This concen-
tration in ACWE medium was based on one published measurement of 65 �M com-
bined nitrite and nitrate in chronic wound exudate (56). In the cystic fibrosis lung,
considerably higher concentrations of nitrite and nitrate (approximately 350 �M com-
bined) have been measured (57–59), and there is debate about whether anaerobic
respiration contributes to P. aeruginosa fitness in vivo (47, 58, 60, 61). In our model
system, we estimate the relative amount of ATP available through the use of nitrite as
an alternate electron acceptor to be only 0.23% of that generated by aerobic respiration
of the lactate consumed experimentally. Similarly, arginine fermentation could provide
a mere 0.12% of the ATP generated aerobically.

One speculative explanation for the increased lactate consumption and acetate
excretion observed in the biofilm system involves a metabolic sharing strategy first
proposed by Schobert and Jahn (62). In this scheme, bacteria in the aerobic layer
oxidize lactate to pyruvate, which is excreted. Pyruvate is then fermented by cells in
the anoxic layer, resulting in the release of acetate. Although pyruvate fermentation
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generates insufficient ATP to enable growth, it does prolong cell survival under
starvation conditions (53, 54) and may contribute to protection from antibiotics (63).
Genes in this pathway (ldhA, ackA, and pta) have been independently shown to provide
a fitness advantage to P. aeruginosa under oxygen-limiting growth (64). We observed
strong expression of the pyruvate dehydrogenase complex PA3415 to -17 in biofilms
relative to that in exponential-phase planktonic cells (mean FC, 19). Our metabolomic
method was not able to measure pyruvate. In our experimental system, if all of the
acetate generated by biofilm cells arose from pyruvate fermentation, the ATP gener-
ated would correspond to 1.90% of that available by aerobic respiration.

The basis for metabolic shifts observed in biofilm cells relative to exponential-phase
planktonic cells—increased utilization of lactate and glucose and decreased utilization
of amino acids—was not apparent in the transcriptomic comparison of these two
growth modes. This result underscores the reality that it is not in general valid to infer
metabolic activity directly from gene expression. We hypothesize that the increased
consumption of glucose by biofilm cells is directed toward the synthesis of extracellular
polysaccharide. This would be a particularly efficient strategy under conditions of
oxygen limitation. Glucose is a much more oxygen-efficient substrate for making
polysaccharide (Psl) than are the other constituents of the medium. The oxygen
requirement for synthesizing Psl from glucose is �5 times less than that for synthe-
sizing Psl from lactic acid or the average amino acid (see Table S4 in the supplemental
material).

Prolonged oxygen limitation in the absence of alternate electron acceptors or
fermentable substrates can be expected to trigger the expression of stress response
gene sets associated with growth arrest, such as those related to the stationary phase
and the stringent response (65). The stringent response regulon has not been mapped
in P. aeruginosa, but the stationary-phase gene set (see Data Set S1 in the supplemental
material) compiled on the basis of four published reports (47, 66–68) overlaps strongly
with the genes upregulated in biofilms (Table 2). Of the 75 genes with �10-fold-higher
expression in biofilm cells than in exponential-phase planktonic cells, 35 appear on the
stationary-phase composite list. These genes include the stationary-phase sigma factor
(rpoS) and rmf, the ribosome modulation factor, known to be associated with growth
arrest and ribosome hibernation in Escherichia coli. Many of the other genes are
annotated as hypothetical proteins (21 of 35 [60%]). The subset of genes positively
regulated by RpoS was collectively upregulated in biofilms (Table 3), providing further
evidence of the stationary-phase character of biofilm cells and a role for this regulator
in biofilm physiology. RpoS has been shown to confer a fitness advantage on P.
aeruginosa under conditions of energy-limited growth arrest (54). The RpoS protein has
been shown previously to be present at higher levels in a continuously fed P. aerugi-
nosa biofilm than in planktonic cells (69). Finally, the expression of RpoS has been
shown to be spatially stratified, with predominant localization beneath the most
metabolically active layer (69). Reduced abundance of ribosomal proteins was mea-
sured in the region of the biofilm associated with higher RpoS expression (70). We
hypothesize that some of the genes controlled through the rpoS and relA spoT growth
arrest stress responses facilitate the entry of bacterial cells into a protected dormant
state. This hypothesis is consistent with prior reports of susceptibility phenotypes in
these mutants (17, 26, 71, 72).

As oxygen starvation continues in the depths of the biofilm, one would also expect
to observe diminished anabolic activity, such as lower overall rates of transcription and
translation and, ultimately, reduced biomass growth rates. These outcomes are consis-
tent with DAVID analysis comparing the transcriptomes of biofilm and planktonic
cultures and quantitative estimates of the population-averaged specific growth rates in
these two culture modes. Our finding of reduced expression of genes related to
structural constituents of the ribosome in biofilms (Table 1) accords with recent
transcriptomic and proteomic analyses that reported reduced ribosome biogenesis in
human clinical CF sputum specimens (49, 50). The specific growth rate of biofilms was
approximately one-third of the exponential-phase planktonic rate, which qualitatively
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agrees with other measurements of lowered growth rates in P. aeruginosa biofilms.
Specific growth rates measured in mature P. aeruginosa colony biofilms have been
reported to be approximately 2% of the planktonic cell growth rate (4, 12). In a prior
investigation with drip flow reactor-grown biofilms, the specific growth rate was
estimated at 10% of the planktonic rate (19). Single-cell estimates of the specific growth
rate of P. aeruginosa in expectorated sputum from the lungs of individuals with CF
returned heterogeneous measurements with a median value that was 18% of the
planktonic growth rate (73).

Because it is founded on a reaction-diffusion interaction, our model predicts that
anabolism and growth will be spatially stratified inside the biofilm (4, 11–13, 19, 45). We
further predict that antimicrobial-sensitive cells will localize to the metabolically active
region of the biofilm and antimicrobial-tolerant cells will localize to the metabolically
inactive region of the biofilm. These predictions were not experimentally tested in the
current investigation, but they are consistent with prior reports (70, 74–76). For
example, ciprofloxacin killing of P. aeruginosa was spatially restricted to the metabol-
ically active cells at the top of a biofilm (75).

In summary, much of what is observed in this biofilm system in terms of gene
expression and overall anabolism follows logically as a consequence of reaction-
diffusion limitation for oxygen. Although the prediction was not experimentally inves-
tigated in this study, we expect that the biofilm exhibits a stratification of anabolic
activity with spatially heterogeneous gene expression. Previous studies of spatial
patterns of anabolism in P. aeruginosa in varied experimental systems have revealed
regions of active anabolism in the biofilm adjacent to the source of oxygen, with
regions of inactivity and dormant cells below this layer (4, 11, 13, 18, 19). Figure 1
illustrates some possible patterns of heterogeneous physiology and antibiotic tolerance
that are plausible in biofilms. These patterns are expected to change as the provision
of electron acceptors and donors changes.

Biofilm antibiotic tolerance manifests and may be enhanced by adaptive
responses post-antibiotic exposure. A critical question in the investigation of biofilm
tolerance to drugs is whether changes in biofilm gene expression can be used to
predict antibiotic susceptibility. Our findings, summarized in Table 5, suggest multiple
possibilities for the dependence of antibiotic susceptibility on genotype. For example,
a straightforward prediction would be that a gene that is expressed more strongly in
a biofilm than in cells in a susceptible exponential-phase culture could contribute to
reduced biofilm susceptibility. However, it can be anticipated that not all of the genes
induced in a biofilm (here a total of 449) play roles in modulating antimicrobial
tolerance. For example, seven genes that were more highly expressed in biofilms than
in exponential-phase planktonic cells (nirS, norB, rhlB, phzS, lecA, lecB, and osmE)
displayed no differential susceptibility phenotype when the corresponding mutant
biofilm was challenged with ciprofloxacin. Another six genes (pelA, algD, hutU, PA2826,
ldhA, and ureA), whose expression did not differ between biofilm and exponential-
phase planktonic cultures, also had no effect on biofilm susceptibility when mutated,
conforming to the null hypothesis. Consider the specific example of the extracellular
electron-shuttling molecule phenazine. Phenazines are redox-active compounds that
balance the intracellular redox state of P. aeruginosa when growing in biofilms (77–79).
We measured higher levels of transcription of phenazine biosynthetic genes in biofilms
than in exponential-phase planktonic cells (Table 2) but found no statistically significant
increase in intracellular pyocyanin levels and detected no differential ciprofloxacin
susceptibility of a phzS mutant when grown in a biofilm (Fig. 4). Using stimulated
Raman spectroscopy, Schiessl et al. (33) showed that phenazines are heterogeneously
distributed in P. aeruginosa PA14 biofilms, with most of the phenazines localized to the
hypoxic interface in the biofilms. This distribution presumably allows the cells to utilize
the phenazines as alternative electron acceptors under hypoxic conditions, increasing
the metabolic potential of cells in this zone of the biofilms. Schiessl et al. also
demonstrated that phenazines promote the survival of P. aeruginosa in the presence of
ciprofloxacin (33). Phenazines are also linked to biofilm formation through c-di-GMP.
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Okegbe et al. (80) showed that P. aeruginosa PA14 senses the local level of phenazines
through a regulatory protein that they labeled RmcA. RmcA contains both Pas domains
(which sense redox states) and domains for the production and degradation of c-di-
GMP (GGDEF and EAL domains). Interaction with the redox-cycling compound phen-
azine stimulates the degradation of c-di-GMP, resulting in reduced extracellular poly-
saccharide production and reduced colony wrinkling. In summary, while the literature
supports the potential for phenazine biosynthesis to contribute to biofilm antibiotic
tolerance, measurements in our system failed to find either elevated pyocyanin pro-
duction in the biofilm or a phenotype in the pyocyanin-affected phzS mutant.

Two loci that exhibited no discernible differential gene expression at the transcrip-
tional level did produce a susceptibility phenotype (ΔpslA and amgR). This outcome
could possibly be attributed to posttranscriptional regulation (81, 82). Studies have
shown that Psl helps provide the cohesive structure of P. aeruginosa PAO1 biofilms, and
a recent study showed that the degradation of Psl with the Psl glycoside hydrolase,
PslG, improves antibiotic efficacy in biofilm models (83). Regulation of Psl production is
complex and includes both transcriptional and posttranscriptional control mechanisms.
The psl operon is induced in part by RpoS (84) and is negatively regulated by the
alginate transcriptional activator, AmrZ, which plays a role in coordinating the expres-
sion of these two extracellular polysaccharides (85, 86). At the posttranscriptional level,
the regulator RsmA binds to the hairpin loop structure of the psl operon 5= untranslated
region and represses psl translation (84). Psl may also stimulate its own expression at
the posttranscriptional level during biofilm formation by stimulating the diguanylate

TABLE 5 Summary of hypothesized chemical triggers and of transcriptomic, metabolomic,
and mutant susceptibility evidence for stress response or metabolic activities influencing
ciprofloxacin tolerance in P. aeruginosa biofilmsa

Chemical triggerb Activityc Gene overexpressiond Mutant evidence

O2 depletion O2 downshift 38/117 (32) Not tested
Hypoxic growth 43/159 (27) Not tested
Anr� regulon Not significant Not tested
Denitrification 7/9 (78) nirS, norB
Stationary phase 148/250 (59) Not tested
Stringent response Not mapped ΔrelA ΔspoT
RpoS� regulon 108/423 (26) ΔrpoS

Unknown PSL biosynthesis 0/12 (0) ΔpslA
PEL biosynthesis 0/7 (0) pelA
Alginate biosynthesis 0/12 (0) algD

AHL accumulation AHL quorum sensing 25/72 (35) Not tested
Rhamnolipid production 6.7 FC rhlB
Lectin production 29.7, 60.4 FC lecA, lecB

PQS accumulation Pyocyanin biosynthesis 7/17 (41) phzS
MvfR� regulon 50/115 (43) Not tested

Zn depletion Zn limitation 26/44 (59) Not tested
Osmotic stress Osmotic stress response 12/56 (21) osmE

Unknown Glyoxylate shunt 1/2 (50) aceA
Isocitrate lyase 3.4 FC aceA
Malate synthase 1.06 FC Not tested

Mistranslated proteins? Membrane stress 1/14 (7) amgR
aLight shading indicates logical concordance with the identified chemical trigger, annotated activity, or effect
on biofilm antimicrobial susceptibility, whereas dark shading indicates a contradiction of the hypothesis that
the upregulated gene affords protection from killing by ciprofloxacin.

bAHL, acyl-homoserine lactone; PQS, Pseudomonas quinolone signal.
cPSL and PEL, polysaccharide synthesis locus and pellicle polysaccharides, respectively. Plus signs with
regulons indicate positive regulation.

dGiven as the number of overexpressed genes on the current study list/number of genes on the target
activity list (percentage of target list genes that are overexpressed in the current study) or as the fold
change (FC) in expression. The current study list has a total of 449 genes.
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cyclases SiaD and SadC to produce cyclic di-GMP, resulting in increased Psl production
(87). This example illustrates the reality that transcriptional activity may not be a reliable
indicator of metabolic activity.

Only one gene locus, rpoS, followed the hypothesized logical progression from
higher expression in biofilms to increased susceptibility in a mutant strain. Because the
stringent response regulon has not been mapped in P. aeruginosa, we were unable to
test for correspondence between gene expression and phenotype for this regulatory
mechanism. The phenotype of one other gene, aceA, contradicts logic. This gene was
more highly expressed in biofilms (and also in CF sputum [49, 50]), but the biofilms
grown from the aceA mutant were found to be less susceptible than those from the
wild type.

Overall, these results suggest that only a fraction of the genes expressed at higher
levels in a biofilm contribute significantly to protection against antimicrobial agents.
This work also reinforces the potential role in antimicrobial tolerance of genes that are
not transcriptionally activated in biofilms. Elaboration of Psl was the activity with the
strongest phenotype for protection against ciprofloxacin in mutants tested in the
current work, yet like others, we found no induction of the psl operon in biofilm cells
(18, 19, 88–91).

We do not view these apparent discrepancies as a logical problem at all: they are
simply observations of the messy reality. There is no reason to expect that all of the
genes differentially expressed in a biofilm would also be involved in antibiotic toler-
ance. And it is completely reasonable that genes that are not differentially transcribed
in a biofilm could contribute to biofilm protection. The scenario that seems likely is one
in which overlapping regulons enable multiple stimuli to contribute to the activation of
many genes, some likely with redundant functions, creating a robust, difficult-to-defeat
defense.

We found evidence for oxygen gradients and induction of responses to hypoxia in
the biofilm investigated in this work. Multiple prior studies have found biological
evidence for hypoxia (15, 92, 93) and have reported that oxygen limitation reduces the
killing of P. aeruginosa by antibiotics (12, 94–97). In agreement with this dependence,
the provision of more oxygen to the biofilm through exposure to hyperbaric oxygen
has recently been shown to enhance the killing of P. aeruginosa biofilms by ciprofloxa-
cin (98).

Although the phenomenon was not tested experimentally in this study, it has been
shown that bacteria in a biofilm can express specific protective systems that augment
biofilm tolerance in response to antimicrobial treatment (73, 99). We found that in
response to ciprofloxacin treatment, P. aeruginosa biofilms induced oxidative stress and
SOS responses (Table 4). Work with Escherichia coli has established a role for the SOS
response in enhancing biofilm tolerance to fluoroquinolone antibiotics (100). Likewise,
prior work with P. aeruginosa and Streptococcus mutans has demonstrated a contribu-
tion of oxidative stress defenses to biofilm antibiotic tolerance in these bacteria (71,
101, 102).

We found that ciprofloxacin-treated biofilms continued to consume all carbon
sources at rates similar to those measured for untreated biofilms. This result is seem-
ingly at odds with the 99.9% reduction in viable cell counts measured for antibiotic-
treated biofilms relative to untreated biofilms. A possible explanation for this observa-
tion is that antibiotic-damaged cells may continue to exhibit anabolic activity for some
time, even as long as 24 h, although they are incapable of forming a visible colony on
an agar plate. Other researchers have reported continued bacterial respiration follow-
ing aggressive antimicrobial treatment (103–108).

A corollary of the hypothesis diagrammed in Fig. 1 is that a planktonic cell can
acquire the same degree of antibiotic tolerance as a biofilm cell. If a planktonic cell
experiences the same chemical microenvironmental history as a cell within a biofilm, it
has the chance to enter a protected physiological state just like that of the cell in the
biofilm. This conjecture is supported by experimental comparisons of killing of
exponential-phase planktonic, stationary-phase planktonic, and biofilm cells that show
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similar levels of reduced susceptibility for bacteria from stationary-phase cultures and
biofilms (27, 109; see also Fig. 12 in reference 110). A caveat to be aware of is that there
are surely many possible variants of “stationary phase.” For example, the physiological
state of bacteria in an overnight shake flask culture, aerated and grown on a rich
medium, is probably significantly different from the oxygen-deprived state in the
interior of a biofilm grown on ACWE medium for 3 days.

In summary, the proposed model (Fig. 1) is grounded in physical, chemical, and
biological mechanisms and is consistent with a large, diverse body of evidence from the
literature and the current work. That said, many details remain unclear. In particular,
gene regulatory networks that govern gene expression in biofilms, posttranscriptional
regulation, and posttranslational modification and activity are areas where additional
research is needed.

MATERIALS AND METHODS
Bacterial strain and culture medium. P. aeruginosa PAO1 was cultured in biofilms using a medium

designed to mimic the exudate from a human chronic wound (55, 111–113). We refer to this medium as
artificial chronic wound exudate (ACWE) medium. ACWE medium was composed of a basal salt solution
of KCl (4.40 mM), NaCl (99.93 mM), Na2SO4 (300 �M), Na2HPO4 (1.27 mM), urea (9.60 mM), NaNO2 (58 �M),
and Tris (413 �M). The salt solution was adjusted to pH 7.5 and was sterilized by autoclaving. Stock
solutions of amino acids and carbon sources were filter sterilized using 0.2-�m-pore-size poly(ether sulfone)
(PES) bottle-top filters (Fisher Scientific, Waltham, MA). The carbon sources were L-lactate (13.4 mM),
glucose (1.8 mM), and amino acids. The concentrations of each amino acid were as follows: L-alanine,
786 �M; L-arginine, 88 �M; L-asparagine, 45 �M; L-aspartate, 451 �M; L-cysteine, 495 �M; L-glutamate,
460 �M; L-glutamine, 589 �M; L-glycine, 641 �M; L-histidine, 167 �M; L-isoleucine, 281 �M; L-leucine,
561 �M; L-lysine, 631 �M; L-methionine, 77 �M; L-phenylalanine, 280 �M; L-proline, 1,720 �M; L-serine,
317 �M; L-threonine, 291 �M; L-valine, 502 �M; L-tryptophan, 376 �M; L-tyrosine, 616 �M. Sterile MgCl2
(940 �M) and CaCl2 (557 �M) were added to the basal salt solution. A vitamin solution and an iron
solution were added to give final concentrations of 7.5 �M thiamine, 16 �M nicotinic acid, and 0.36 �M
FeSO4·7H2O. When used, ciprofloxacin was added to give a final concentration of 1 mg/liter, approxi-
mately 10-fold higher than the MIC of ciprofloxacin against P. aeruginosa growing in planktonic culture.

Determination of MICs. An aliquot of an overnight culture of P. aeruginosa PAO1 (250 �l) incubated
in ACWE medium was inoculated into 25 ml of ACWE medium in a 125-ml baffled Erlenmeyer flask. The
culture was grown until it reached an optical density at 600 nm (OD600) of 0.27 (approximately 1.2 � 108

CFU/ml). The culture was then diluted 100-fold in ACWE medium and was used to inoculate a sterile,
clear, 96-well flat-bottom microtiter plate (Evergreen Scientific, Los Angeles, CA) containing ACWE
medium with ciprofloxacin at concentrations of 1.00, 0.50, 0.25, 0.13, 0.06, 0.03, 0.02, and 0.01 mg/liter,
or without ciprofloxacin. Initially, each well contained approximately 1.2 � 105 cells. The microtiter plate
was placed in a SpectraMax Paradigm plate reader (Molecular Devices LLC, Sunnyvale, CA) and was
incubated at 33°C with shaking, and the OD600 was assayed every 30 min for 20 h. The minimum
ciprofloxacin concentration that prevented growth for 16 h was defined as the MIC.

Planktonic culture conditions. Three independent P. aeruginosa planktonic cultures were prepared
by inoculating 1.0 ml of an overnight culture into 100 ml of ACWE medium in 500-ml baffled Erlenmeyer
flasks. Cultures were incubated to early-exponential phase (OD, 0.250; 1 � 108 CFU) at 33°C (the
approximate surface temperature of a dermal wound). Cultures were harvested by dividing into two
45-ml aliquots in 50-ml Falcon tubes (Corning Inc., Corning, NY), and centrifuging at 5,125 � g for 5 min
at 4°C in an Allegra X-15R centrifuge (Beckman Coulter, Brea, CA). The supernatants were decanted. Both
the supernatants and the cell pellets were frozen at �80°C for use in metabolomic or transcriptomic
studies.

Biofilm growth conditions. P. aeruginosa biofilms were grown on hydroxyapatite-coated glass slides
(Clarkson Chromatography, South Williamsport, PA) in a drip flow reactor (DFR) designed by BioSurface
Technologies Corp., Bozeman, MT (114). P. aeruginosa PAO1 was cultured overnight in ACWE medium at
33°C with shaking at 250 rpm. A 1:100 dilution of the overnight culture in ACWE medium was incubated
until the culture reached an OD600 of 1.0. The culture was diluted 1:10 with ACWE medium, and 5 ml of
this suspension was added to each channel of the DFR. The DFR was incubated for 1 h at 33°C to allow
cell attachment. Following the batch phase, a Masterflex L/S peristaltic pump (model 7519-20; Cole-
Parmer, Vernon Hills, IL) was started at a flow rate of 10 ml/h, and biofilms were cultivated at 33°C for 72 h
(see Fig. S4 in the supplemental material). ACWE medium containing 1 mg/liter ciprofloxacin was then
pumped through the ciprofloxacin treatment chambers, while ACWE medium without ciprofloxacin
continued to flow through the untreated control chambers for 24 h. After a total of 96 h of growth, the
P. aeruginosa PAO1 biofilms were harvested. The susceptibility of biofilms formed by defined P.
aeruginosa mutants was measured in the same way using mutant strains obtained from the University
of Washington (UW) transposon mutant collection (115) and other sources (see Table S5 in the
supplemental material). Transposon insert locations in the UW mutant strains (ISphoA/hah or ISlacZ/hah)
were confirmed with a modified dual-round PCR method using previously described primers (116–120).
The P. aeruginosa PAO1 ΔrelA ΔspoT mutant, deficient in the stringent response (26), was graciously
provided by Pradeep Singh, and the PAO1 ΔpslA mutant (WFPA60), which was impaired in the ability to
produce the Psl polysaccharide (121), was kindly provided by Daniel Wozniak. San-Jin Suh supplied the
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ΔrpoS mutant (122). Mutant selection was made on the basis of experimentally observed transcriptional
activation of related genes or pathways and was also guided by prior reports (21, 26, 123–131). If the first
experiment challenging a mutant biofilm with ciprofloxacin resulted in an apparent difference from
wild-type susceptibility, the experiment was repeated a total of three times.

Each slide was removed from its chamber using sterile forceps and was placed in a 50-ml Falcon tube
(Corning Inc., Corning, NY) containing 10 ml phosphate-buffered saline (PBS). Slides were scraped using
sterile 18-cm GeneMate cell lifters (BioExpress, Kaysville, UT). The cell suspension was homogenized by
vortexing and passing slowly twice through an 18-gauge, 1.5-in-long PrecisionGlide needle and a 20-ml
syringe (Becton Dickinson and Co., Franklin Lakes, NJ). Aliquots (1 ml) were collected and were centri-
fuged at 10,000 � g for 1 min. The supernatant was removed by pipetting and discarded. Cell pellets
were placed in a �80°C freezer.

Quantification of protein, carbohydrates, DNA, and thickness in biofilms. Total protein in biofilm
samples was quantified by the Bradford assay. Cell pellets were resuspended in RLT lysis buffer (Qiagen)
and were heated at 65°C until complete lysis. Ten microliters of the lysed cell suspension was added to
90 �l of 0.85% NaCl, and 1 ml of Bradford reagent was added. Absorbance was measured at 595 nm. A
standard curve was constructed using bovine serum albumin (BSA).

Total carbohydrates in biofilm samples were quantified by a phenol-sulfuric acid assay. Standards
were made by diluting an 80-ng/ml stock solution of D-(�)-galactose (Sigma-Aldrich, St. Louis, MO).
Samples were resuspended in 450 �l H2O, and 150 �l was transferred to new glass test tubes.
Concentrated phenol was diluted 1:13 in H2O to yield a 5% (wt/vol) phenol solution. To each tube, 150
�l of the 5% (wt/vol) phenol solution was added. The tubes were vortexed. To each tube, 750 �l of
concentrated sulfuric acid was added rapidly. The tubes were incubated for 10 min at room temperature
before vortexing. Then the tubes were incubated for 30 min to develop color. Absorbance was measured
at 480 nm and 490 nm.

DNA was isolated from biofilm samples using the QIAamp Miniprep kit (Qiagen), with the following
modifications. Samples were resuspended in 180 �l Buffer ATL (Qiagen) by passing the solution three
times through a 23-gauge, 1-in-long PrecisionGlide needle. A 20-�l volume of proteinase K was added,
and samples were then incubated at 56°C for 1.5 h with periodic vortexing. DNA extraction then
proceeded according to the QIAamp protocol, with the use of RNase A to obtain RNA-free genomic DNA.
Total DNA was eluted with 200 �l water and was quantified on a NanoDrop 1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE).

Biofilm thickness was measured by microscopy and image analysis of frozen cross sections of
cryoembedded specimens (132).

Preparation of RNA. Each cell pellet was resuspended in 100 �l of lysozyme–Tris-EDTA (TE)
(5 mg/ml; pH 8.0). After incubation for 3 min at room temperature, 650 �l of Tri reagent (Zymo Research,
Irvine, CA) was added. The sample was vortexed for 20 s and was then allowed to incubate at room
temperature for 5 min. The lysed pellets were then placed in a Sorvall Legend Micro 21R tabletop
microcentrifuge (Thermo Scientific, Waltham, MA) and were centrifuged at 13,000 � g for 4 min to pellet
cell debris. Each supernatant, approximately 750 �l, was added to 750 �l of molecular-biology-grade
pure ethanol (Sigma-Aldrich, St. Louis, MO). The mixtures were first vortexed and then processed
according to the Direct-zol RNA MiniPrep RNA purification protocol. Total RNA was quantified on the
NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE), and the quality was
verified on a Bioanalyzer 2100 nanochip (Agilent, Santa Clara, CA). Purified RNA was diluted to a
concentration of 500 ng/�l for Turbo DNase treatment. Treatment was performed in the presence of 1 �l
of the RNase inhibitor RNasin (Promega, Madison, WI), according to a rigorous DNase treatment protocol
(Ambion, Thermo Fisher Scientific, Waltham, MA).

Microarray analysis. Samples were prepared for microarrays as described previously (13). Briefly,
8 �g of Turbo DNase-treated RNA was reverse transcribed, fragmented, and labeled according to the
Affymetrix prokaryotic target labeling protocol (GeneChip expression analysis technical manual, Novem-
ber 2004). Labeled cDNA was then hybridized to Affymetrix P. aeruginosa microarrays (part 900339) for
16 h at 50°C with constant rotation. Microarrays were stained using a GCOS Fluidics Station 450 and were
scanned with an Affymetrix 7G scanner. Affymetrix GCOS, v1.4, was used to generate CEL files, which
were imported into FlexArray, v1.6.1, for quality control and data analysis.

Transcriptomic data analysis. Microarray data from three independent biological replicates for each
condition (planktonic, biofilm, and treated biofilm) were background corrected and normalized using the
GC-RMA algorithm in FlexArray, v1.6.1. Genes with statistically significantly changes in expression (2-fold
change at a P value of �0.05) as determined by analysis of variance (ANOVA) were uploaded into the
Database for Annotation, Visualization and Integrated Discovery (DAVID), v6.8. The Functional Annota-
tion Clustering Tool was used to find enriched terms so as to identify the most pertinent biological
processes in the study. The most significant gene ontology term in each cluster was selected as the
category identifier for use in Table 1. Each P value listed in Table 1 is the geometric mean of all the
enrichment P values (Expression Analysis Systematic Explorer [EASE] scores) of each annotation term in
the group. The EASE score was determined in DAVID with a modified Fisher exact test (log-transformed
average P value). The formula P � 10–EASE was used to determine the P values in Table 1 (133). Gene set
enrichment analysis was performed by determining the overlap between the gene lists from this study
and activity gene lists compiled from the literature as described elsewhere (17) with reference to the
Pseudomonas Genome Database (134). P values for assessing the statistical significance of gene set
enrichment were calculated using a negative binomial distribution.

Analysis of intracellular metabolites by liquid chromatography-mass spectrometry (LC-MS).
Intracellular metabolite samples were prepared by thawing bacterial cell pellets on ice. The pellets were
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suspended in 300 �l H2O (Fisher Scientific, Waltham, MA) and were transferred to a 2-ml Lysing Matrix
B tube (MP Biomedicals LLC, Santa Ana, CA). Lysing Matrix B contained 0.1-mm silica beads. The tubes
were placed in a FastPrep FP120 reciprocating device (Thermo Electron Corporation, Thermo Fisher
Scientific, Waltham, MA). The FastPrep system was run for 20 s at 6 m/s, and then the samples were
placed on ice for 1 min. This procedure was repeated two additional times. To each sample, 300 �l of
ice-cold methanol (Fisher Scientific, Waltham, MA) was added, and the mixture was allowed to incubate
on ice for 3 min. The bead-beating procedure was followed as before. The lysing matrix was allowed to
settle, and the top 300 �l of sample was added to 1.4 ml cold acetone (Fisher Scientific, Waltham, MA).
Samples were placed in a – 80°C freezer overnight to precipitate cell debris and protein, followed by
centrifugation at 20,000 � g for 5 min at 4°C. The supernatant was collected and placed in a fresh tube.
The precipitate was stored in a – 80°C freezer. The supernatants were placed in a SpeedVac Plus SC110A
evaporator (Thermo Fisher Scientific, Waltham, MA) and were dried down under a vacuum on the
medium-speed setting. The samples were resuspended in 25 �l of H2O-methanol (50:50).

LC-MS was used to analyze intracellular metabolites. For reverse-phase analysis, a Kinetex C18 column
(particle size, 1.7 �m; length, 150 mm; inside diameter [i.d.], 2.1 mm; Phenomenex, Torrance, CA) was
kept at 50°C with a flow rate of 600 �l min�1. Solvent A consisted of 0.1% formic acid in water, and
solvent B was 0.1% formic acid in acetonitrile (ACN). The elution gradient was initially 2% solvent B for
2 min and was then ramped to 95% solvent B over 24 min, held at 95% for 2 min, and then returned to
2% for 2 min, with a total run time of 30 min, using an Agilent 1290 Infinity ultrahigh-performance liquid
chromatography (UHPLC) system connected to an Agilent 6538 quadrupole time of flight (Q-TOF) mass
spectrometer (both from Agilent, Santa Clara, CA).

Normal-phase analysis was carried out using a Cogent Diamond Hydride hydrophilic interaction
chromatography (HILIC) column (length, 150 mm; i.d., 2.1 mm; MicroSolv, Eatontown, NJ) for LC separa-
tion with a flow rate of 600 �l min�1. Solvent A consisted of 0.1% formic acid in water, while solvent B
consisted of 0.1% formic acid in ACN. The elution gradient consisted of 95% solvent B for 2 min and was
then ramped to 50% solvent B over 24 min, held at 50% for 2 min, and then returned to 95% for 2 min,
with a total run time of 30 min, using an Agilent 1290 Infinity UHPLC system connected to an Agilent
6538 Q-TOF mass spectrometer (both from Agilent, Santa Clara, CA).

The mass spectrometer was operated in positive-ion mode for both reverse-phase and normal-phase
analysis, with a cone voltage of 3,500 V and a fragmentor voltage of 120 V. The drying gas temperature
was 350°C with a flow rate of 12 liters min�1, and the nebulizer was set to 60 lb/in2. Spectra were
collected at a rate of 2.52/s with a mass range of 50 to 1,000 m/z. The mass analyzer resolution was
greater than 18,000, and the pre- and postcalibration tests had a mass accuracy of approximately 1 ppm.

Raw data files from the LC-MS were converted to .MZxml format using the MassHunter qualitative
software provided with Agilent instruments (Agilent, Santa Clara, CA). Alignment, retention time (R/T)
correction, peak picking, and identification were performed using the MZmine software package (v2.14).
The procedures, together with the parameters used for the alignment of features and identification in
MZmine, were as follows. LC-MS files were imported into MZmine, followed by data set filtering to
remove the first minute of elution data for HILIC analysis and the first 2 min of elution data for
reverse-phase analysis. A minimum intensity cutoff of 5,000 and a minimum elution time window of 0.1
min were used to create molecular feature lists. Additionally, lists were R/T adjusted with a tolerance of
0.2 min or less. These R/T-adjusted lists were then aligned into one mass list, which was gap-filled to add
missing peaks not detected in all runs with an m/z tolerance of 15.0 ppm. The m/z peak intensities were
normalized, adjusting the total ion intensity of each run to the most intense total ion intensity.
Significance was determined using a two-tailed t test. Metabolites were putatively identified by gener-
ating a list of curated metabolites found in the BioCyc server for PAO1. Monoisotopic masses for each
metabolite were calculated, and protonated (M � H), deprotonated (M – H), and sodiated (M � Na)
adducts were added to each metabolite mass; these were then matched to features in the peak list using
MZmine, with the error level set to 15 ppm.

Analysis of extracellular metabolites by gas chromatography-mass spectrometry (GC-MS).
Extracellular metabolite samples from biofilms were collected from DFR effluent lines into 15-ml Falcon
tubes (Corning Inc., Corning, NY). Collection lines were unclamped and were allowed to drain for
approximately 1 h. Samples were capped and placed in a – 80°C freezer. After biofilms were harvested,
stock medium and ciprofloxacin-containing medium were collected in 50-ml Falcon tubes and frozen at
�80°C. Extracellular metabolites from planktonic cultures were collected by decanting and freezing the
supernatant from the pelleting process. Extracellular metabolite samples were thawed, and 1-ml aliquots
were dried under a nitrogen stream. Prior to analysis, samples were derivatized using the method
described below, which enabled the consistent detection of 17 amino acids and 3 central carbon
metabolites (135). Two additional central carbon metabolites, formate and acetate, were detected as
underivatized compounds in aqueous solution, using a ZB-WAX column.

N-tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) was obtained from Sigma (CAS no.
77377-52-7; Sigma-Aldrich, Switzerland). ACN solvent was obtained from Fisher (CAS no. 75-05-8; Fisher
Scientific, USA). Hexane solvent was obtained from Fisher (CAS no. 110-54-3; Fisher Scientific, USA).
Formic acid and acetic acid were obtained from Fisher. The remaining central carbon metabolites were
obtained from Sigma. All amino acids were purchased from Sigma.

Samples were analyzed using an Agilent 7890A GC oven system, coupled to an Agilent 5975C inert
XL EI/CI MSD (electron ionization/chemical ionization mass selective detector) mass spectrometer with a
Triple-Axis Detector. Sample organization and injection were performed with an Agilent 7693 autosam-
pler.
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For the analysis of amino acids and central carbon metabolites, aqueous solutions previously dried
using nitrogen were resuspended in ACN and derivatized using MTBSTFA. Equal volumes of MTBSTFA
and ACN (100 �l) were added to each sample in a glass GC vial, which was capped, vortexed briefly, and
then incubated on a hot plate at 50°C for 30 min. Derivatized samples were transferred to new GC vials
containing glass inserts for analysis. Analytes were separated with a Phenomenex Zebron ZB-5MS
nonpolar column (length, 30 m; i.d., 0.25 mm; particle size, 0.25 �m) The GC temperature gradient for the
MTBSTFA-derivatized samples was as follows: 60°C for 2 min, ramping to 120°C at a rate of 20°C/min
(3-min ramp time), then to 155°C at a rate of 6°C/min (5.83-min ramp time), and finally at a rate of
14.5°C/min (10-min ramp time) to 300°C, where the temperature was held for 10 min. The total run time
was 30.833 min. Helium gas was used as the carrier at a flow rate of 1.5 ml/min. Injections were
performed at a volume of 1 �l, with a split ratio of 10:1 and an inlet temperature of 325°C. The interface
temperature between the GC and the MS was set at 230°C. The volatile central carbon metabolites,
formate and acetate, were analyzed underivatized in aqueous solution. Analysis was performed using a
Phenomenex Zebron ZB-WAX column (length, 30 m; i.d., 0.25 mm; particle size, 0.50 �m). The oven
temperature started at 75°C and was held for 1 min. It was then ramped at a rate of 6°C/min to 180°C
(17.5-min ramp time) and next at 10°C/min to 230°C (5-min ramp time), where it was held for 5 min. The
total run time was 28.5 min. Helium gas was used as a carrier at a flow rate of 3 ml/min. Injections were
performed at a volume of 0.5 �l, splitless, with the inlet temperature set at 240°C and the interface
temperature set at 280°C.

Glucose, urea, and ammonia levels were determined using enzymatic kits (product codes GAGO-20,
KA-1652, and AA0100; Sigma, St. Louis, MO).

Calculation of biofilm specific growth rates by material balance. Elemental balances on C, N, H,
and O were derived to estimate the rate of biomass production and subsequently the average specific
growth rate in the biofilm. The overall reaction analyzed had the following form:

substrates � aO2 → bNH3 � cC5H7O2N � dEPS � products � eCO2 � fH2O

where substrates included lactate, glucose, and 17 amino acids; acetate was the sole product. Experi-
mental measurements of the concentrations of these solutes were used to determine net elemental
input. In this reaction, C5H7O2N was the assumed composition of cellular biomass, and EPS refers to
the extracellular polymeric substances, which were assumed to have the composition C6H12O6. There
were six unknowns (a to f) and four elemental balances, so two additional equations were required
to solve this system. The measured ratio of protein (0.362 mg/cm2) to carbohydrate (0.184 mg/cm2)
in P. aeruginosa biofilms (Table S3 in the supplemental material) was used to estimate the ratio d/c.
Assuming that biomass is 50% protein, d/c � 0.1595. The final piece of information was the
production of ammonia, which was measured experimentally (Table S2). When this system of linear
algebraic equations is solved, the biomass stoichiometric coefficient c has units of biomass concen-
tration. Multiplying by the flow rate and dividing by the standing biomass in the biofilm gives a
growth rate. Specifically, growth rate � [(c mmol/liter biomass) (113 g biomass/mol) (0.5 g protein/g
biomass) (0.01 liter/h)]/[(0.362 mg protein/cm2) (18.75 cm2)]. The growth rate thus calculated is
expressed per hour.

Oxygen requirement to synthesize Psl from different carbon sources. Flux balance analysis (136)
and a P. aeruginosa metabolic network model (137) (see the supplemental material) were used to
compute the oxygen requirement to synthesize Psl using a single amino acid, lactate, or glucose as the
sole carbon source. First, the maximum Psl yield from each carbon source was computed. Then the
minimum oxygen consumption required to achieve the maximum Psl yield was computed for each
carbon source.

Mathematical modeling of oxygen concentration gradients. Reaction-diffusion modeling was
performed with the biofilm accumulation model described previously (138, 139) and was based on the
structure derived by Wanner and Gujer (140). Parameter values are given in Table S1 in the supplemental
material.

Accession number(s). The data derived from microarray analyses have been deposited in the Gene
Expression Omnibus database with accession number GSE120760.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00307-19.
SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 5, XLSX file, 1.7 MB.
SUPPLEMENTAL FILE 6, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 7, PDF file, 0.3 MB.
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