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Within recent years, it has been established that extracellular DNA is a key constituent of the matrix of microbial biofilms. In

addition, it has recently been demonstrated that DNA binds positively charged antimicrobials such as aminoglycosides and anti-

microbial peptides. In the present study, we provide evidence that extracellular DNA shields against aminoglycosides in Pseu-

domonas aeruginosa biofilms. We show that exogenously supplemented DNA integrates into P. aeruginosa biofilms and in-

creases their tolerance toward aminoglycosides. We provide evidence that biofilms formed by a DNA release-deficient P.

aeruginosa quorum-sensing mutant are more susceptible to aminoglycoside treatment than wild-type biofilms but become res-

cued from the detrimental action of aminoglycosides upon supplementation with exogenous DNA. Furthermore, we demon-

strate that exposure to lysed polymorphonuclear leukocytes, which are thought to be a source of extracellular DNA at sites of

infections, increases the tolerance of P. aeruginosa biofilms toward aminoglycosides. Although biofilm-associated aminoglyco-

side tolerance recently has been linked to extracellular DNA-mediated activation of the pmr genes, we demonstrate that the ami-

noglycoside tolerance mediated by the presence of extracellular DNA is not caused by activation of the pmr genes in our P.

aeruginosa biofilms but rather by a protective shield effect of the extracellular DNA.

Work done in the last decade has shown that bacteria in nat-
ural, industrial, and clinical settings most often live in bio-

films, i.e., sessile-structured microbial communities encased in
extracellular matrix materials. One of the most important charac-
teristics of microbial biofilms is that the resident bacteria display a
remarkable increased resistance to antimicrobial attack (1, 2). Ac-
cordingly, biofilms formed by opportunistic pathogenic bacteria
are involved in highly problematic chronic infections and in dev-
astating medical device-associated infections. Because the pres-
ent-day armory of antimicrobial compounds in many cases can-
not fully eradicate biofilm infections, there is an urgent need to
develop alternative measures which may function to either boost
the activity of conventional antimicrobials or restore proper ac-
tion of the immune system against biofilms. Knowledge about the
molecular mechanisms involved in biofilm formation and bio-
film-associated antimicrobial tolerance will form the basis for the
development of drugs which can cure otherwise recalcitrant infec-
tions.

The extracellular matrix, which is essential for interconnecting
the bacteria in biofilms, can be composed of polysaccharides, pro-
teins, and extracellular DNA (eDNA) (3–10). We have shown that
eDNA functions as a cell-to-cell interconnecting matrix com-
pound in P. aeruginosa biofilms (3, 7, 11–13). Subsequently, evi-
dence was provided that eDNA functions as a matrix component
in biofilms formed by many other bacterial species, e.g., Staphylo-
coccus aureus, Staphylococcus epidermidis, Streptococcus interme-
dius, and Streptococcus mutans (8, 14–16). Evidence has been pro-
vided that the quorum-sensing system plays a role in the
formation of eDNA in P. aeruginosa biofilms (7, 11, 13) and that
DNA release from P. aeruginosa populations involves lysis of a
small subpopulation of the cells (7). However, in the case of infec-
tious biofilms that develop inside the human body, the eDNA that
stabilizes the biofilms may also be provided by lysed human cells
(17). The P. aeruginosa biofilms present in medical settings, such

as in the lungs of cystic fibrosis patients or in the wounds of
chronic wound sufferers, evidently produce virulence factors, in
particular rhamnolipids, that lyse attacking polymorphonuclear
leukocytes (PMNs) (18, 19), and the eDNA liberated from the
lysed PMNs can subsequently be incorporated into the biofilms
(17).

Biofilm bacteria’s robustness to antimicrobials is caused by a
number of different mechanisms: (i) certain components of the
extracellular biofilm matrix can bind the antimicrobial and limit
its penetration, (ii) differential physiological activities in the bio-
film population can provide insurance effects to specific subpopu-
lations, (iii) expression of specific genes can increase antibiotic
tolerance, (iv) a subpopulation of differentiated persister cells in
the biofilm is particularly tolerant to antibiotic treatments (2).

It has previously been shown that eDNA plays a role in the
tolerance of P. aeruginosa biofilms toward antimicrobial peptides
and aminoglycosides (20). In that study, it was demonstrated that
eDNA binds cations and creates a cation-limited environment
that results in induction of the pmr genes in P. aeruginosa and
thereby increased resistance toward antimicrobial peptides and
aminoglycosides. It was noted that eDNA also caused aminogly-
coside tolerance in biofilms formed by a P. aeruginosa pmr mu-
tant, and it was concluded that DNA-induced resistance to amino-
glycosides is not limited to pmr gene induction, but a mechanism
accounting for this was not suggested. It is well established that
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DNA can bind positively charged antibiotics such as aminoglyco-
sides and antimicrobial peptides (21–23). Therefore, it is highly
likely that eDNA may contribute to biofilm-associated antimicro-
bial resistance by acting as a shield that binds aminoglycosides and
antimicrobial peptides.

In the present study, we provide evidence that eDNA contrib-
utes to aminoglycoside tolerance in P. aeruginosa biofilms by act-
ing as an antimicrobial shield. DNA supplemented to the perfu-
sion medium of biofilm flow chambers was shown to be
incorporated into the resident P. aeruginosa biofilms and increase
their tolerance to aminoglycoside treatment. Biofilms formed in
flow chambers by a DNA release-deficient P. aeruginosa quo-
rum-sensing mutant were shown to be susceptible to amin-
oglycoside treatments, but they displayed increased aminogly-
coside tolerance if they were supplied with exogenous DNA
prior to antibiotic treatments. Moreover, we found that sup-
plementation of the perfusion medium of biofilm flow cham-
bers with lysed PMNs increased the tolerance of the resident P.
aeruginosa biofilms toward subsequent aminoglycoside treat-
ment.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plas-
mids used in this study are listed in Table 1. For routine strain manipula-
tions, P. aeruginosa and Escherichia coli strains were grown in LB medium
at 37°C. Where appropriate, antibiotics were used for bacterial cultures at
the following concentrations: for P. aeruginosa strains, gentamicin (Bio-
chrome AG, Germany) at 30 �g/ml, streptomycin (Sigma, Germany) at
300 �g/ml, carbenicillin (Sigma, Germany) at 200 �g/ml, and tetracycline
(Sigma, Germany) at 15 �g/ml; for E. coli strains, ampicillin (Vepidan
ApS, Denmark) at 100 �g/ml, chloramphenicol (Sigma, Germany) at 25

�g/ml, kanamycin (Sigma, Germany) at 50 �g/ml, tetracycline (Sigma,
Germany) at 10 �g/ml, and gentamicin at 15 �g/ml. AB medium (33)
supplemented with 30 mM glucose was used for cultivation of biofilms in
microtiter trays. FAB medium (34) supplemented with 0.3 mM glucose
was used for cultivation of biofilms in flow chambers.

Construction of a P. aeruginosa lasR rhlR mutant. lasR and rhlR
knockout fragments containing a gentamicin resistance cassette were gen-
erated by PCR overlap extension essentially as described by Choi and
Schweizer (31). Primers (whose sequence will be supplied upon request)
were used to amplify chromosomal regions upstream and downstream of
lasR and rhlR and to amplify a gentamicin resistance cassette from plasmid
pPS856 (32). The PCR fragments were fused together and amplified with
primers GW-attB1 and GW-attB2 incorporating the attB1 and attB2 re-
combination sites at either end of the knockout cassettes. Through use of
the Gateway cloning system (Invitrogen), the resulting knockout frag-
ments were first transferred by the BP reaction into pDONR221, generat-
ing entry plasmids pDONR221-lasR and pDONR221-rhlR, and subse-
quently transferred by the LR reaction into pEX18ApGW, generating the
knockout plasmids pEX18Ap-lasR and pEX18Ap-rhlR.

A P. aeruginosa lasR rhlR mutant was constructed as follows: The
knockout plasmids were transferred into the PAO1 wild type by two-
parental mating using the donor strain E. coli S17-1 with selection done on
AB-citrate plates supplemented with gentamicin. Resolution of single-
crossover events was achieved by streaking on 5% sucrose plates via the
counterselectable sacB marker on the knockout plasmid. In order to con-
struct the lasR rhlR double mutant, Flp-mediated excision of the genta-
micin resistance cassette in the rhlR mutant was performed using the
pFLP2 plasmid as described by Choi and Schweizer (31). The resulting
double crossovers in the mutants were confirmed by PCR. The P. aerugi-
nosa lasR rhlR mutant was green fluorescent protein (GFP) tagged by
inserting a mini-Tn7-gfp-Smr cassette into a neutral site of the genome,
using four-parental mating, essentially as described previously by Klausen
et al. (25).

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) or sequence

Source or

reference

P. aeruginosa

PAO1 Wild type 24 (J. S. Mattick

laboratory)

PAO1-GFP P. aeruginosa PAO1 tagged with enhanced GFP (EGFP) in a mini-Tn7 construct; Gmr 25

PAO1 pmrF-GFP P. aeruginosa PAO1 transposon mutant ID35399-PA3553 (Washington Genome

Center); tagged with EGFP in a mini-Tn7 construct; Gmr

26

PAO1 lasR rhlR-GFP P. aeruginosa lasR rhlR tagged with EGFP in a mini-Tn7 construct; Smr This study

E. coli

HB101 recA thi pro leu hsdRM; Smr; strain used for maintenance and proliferation of plasmids 27

DH5� F� �80dlacZ�M15 �(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rk� mk�) phoA

supE44 �� thi-1 gyrA96 relA1

Invitrogen

S17-1 pro thi recA hsdR (r� m�) Tpr Smr Kmr �RP4-2-Tc::Mu-Km::Tn7 28

Plasmids

pUX-BF13 mob� ori-R6K; helper plasmid providing the Tn7 transposition functions in trans; Ampr 29

pBK-miniTn7(Smr)-gfp Delivery plasmid for miniTn7-PA1/04/03-GFP; Ampr Smr 30

pEX18ApGW Gateway compatible gene replacement vector; Sucs Ampr 31

pPS856 0.83-kb blunt-ended SacI fragment from pUCGM ligated into the EcoRV site of

pPS854; Ampr Gmr

32

pDONR221 Gateway donor vector; Kmr Invitrogen

pDONR221-lasR lasR entry clone; Kmr Gmr This study

pDONR221-rhlR rhlR entry clone; Kmr Gmr This study

pEX18Ap-lasR lasR knockout vector; Sucs Ampr Gmr This study

pEX18Ap-rhlR rhlR knockout vector; Sucs Ampr Gmr This study

pRK600 ori-ColE1 RK2-mob� RK2-tra�; helper plasmid for conjugation; Cmr 27
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Assessment of the minimal bactericidal antibiotic concentration for
biofilm-grown cells in microtiter trays. We used a quantitative assay of
biofilm antimicrobial tolerance essentially as described by Mah et al. (35).
P. aeruginosa AB-glucose overnight cultures were diluted 100-fold in fresh
AB-glucose medium or AB-glucose medium supplemented with 4 mg
dialyzed salmon sperm/ml, and inocula with or without exogenous DNA
were transferred to microtiter trays (100 �l/well). The microtiter trays
were incubated at 37°C for 24 h to allow biofilm formation in the wells.
Subsequently, the liquid medium with planktonic cells was removed, and
fresh AB-glucose medium (125 �l/well) with various concentrations of
tobramycin or gentamicin was added to the wells. After 24 h of incubation
with antibiotic exposure, the liquid medium was substituted with fresh
medium lacking antibiotic (150 �l/well), and the biofilms were allowed to
recover in this medium for an additional 24 h, upon which their viability
was assessed through Wallac microplate reader (PerkinElmer, USA)
quantification of the optical density (OD) of the liquid medium in the
wells. The values of minimal bactericidal antibiotic concentration for bio-
film-grown cells (MBC-B) correspond to the minimal antibiotic concen-
tration required to kill the biofilm bacteria so that the OD590 of the liquid
medium of the wells did not exceed 0.1 after 24 h of incubation at 37°C.

Cultivation of flow chamber biofilms. Biofilms were cultivated at
37°C in flow chambers which were assembled and prepared as described
by Crusz et al. (36). Flow chambers were inoculated with P. aeruginosa
overnight cultures diluted to an OD600 of 0.01 in FAB-glucose medium as
described by Pamp et al. (34). Where indicated, salmon sperm DNA (Life
Technologies), at a final concentration of 40 �g/ml, was added to the
medium irrigated to the flow chambers after 2 days of cultivation. Where
indicated, lysed human PMNs, corresponding to a final concentration of
104 PMNs/ml, were added to the medium irrigated to the flow chambers
after 2 days of cultivation. Human PMNs (purified as described by Bjarn-
sholt et al. [37]) that had been lysed by subjecting them to freezing at
�20°C followed by thawing at room temperature were a kind gift from
Lars Christophersen (Department of Clinical Microbiology, University
Hospital, Rigshospitalet, Copenhagen, Denmark). After 4 days of cultiva-
tion, biofilms were exposed to 25 �g/ml tobramycin (Sigma, Germany) by
addition of the antibiotic to the medium irrigated to the flow chambers. In
order to monitor bacterial killing in the antimicrobial-treated biofilms,
the fluorescent dead-cell indicator propidium iodide (Sigma, Germany)
was added at a final concentration of 0.3 �M. An inverse correlation
between staining of P. aeruginosa cells with 0.3 �M propidium iodide and
CFU on agar plates has previously been demonstrated (26). The experi-

ments were done with the velocity of the laminar flow in the flow chamber
channels at 0.2 mm/s, using a Watson Marlow 205S peristaltic pump
(Watson Marlow, United Kingdom). In each case, three replicate experi-
ments were done with essentially the same results.

Microscopy and image processing. Microscopic observation and im-
age acquisition of biofilms were performed with a Zeiss LSM 710 confocal
laser scanning microscope (Carl Zeiss, Germany) equipped with an argon
and an NeHe laser and detectors and filter sets for simultaneous monitor-
ing of GFP (excitation, 488 nm; emission, 517 nm) and propidium iodide
(excitation, 543 nm; emission, 565 nm). Images were obtained using a
63	/1.4 objective. Simulated fluorescence projections were generated us-
ing the IMARIS software package (Bitplane AG, Switzerland).

RESULTS

Exogenously added DNA is incorporated into P. aeruginosa
biofilms. Initially, we investigated if externally added non-P.
aeruginosa DNA becomes incorporated into flow-chamber-
grown P. aeruginosa biofilms. We grew P. aeruginosa wild-type
biofilms for 2 days in flow chambers, supplemented the medium
irrigated to half of the flow chambers with salmon sperm DNA,
continued biofilm growth with or without DNA supplementation
for two more days, stained the biofilms with propidium iodide,
and acquired CLSM micrographs of the biofilms. As shown in Fig.
1, the biofilms that were supplemented with salmon sperm DNA
contained a high concentration of eDNA throughout the micro-
colonies, whereas the nonsupplemented biofilms showed areas of
high concentration of eDNA, especially in the inner part of the
microcolonies, in agreement with previous investigations (7, 11,
13). From these experiments, we conclude that exogenously sup-
plemented DNA is capable of incorporating into P. aeruginosa
biofilms and physically contributes to the composition of the bio-
film matrix.

We have previously shown that addition of genomic P. aerugi-
nosa DNA to P. aeruginosa wild-type biofilms promotes the for-
mation of huge microcolonies, much bigger than those found in
biofilms that were not supplemented with DNA (13). Similar to
our previous work, we found in the present study that addition of
exogenous DNA led to the formation of larger microcolonies in

FIG 1 Visualization of extracellular DNA in 4-day-old P. aeruginosa PAO1-GFP biofilms grown in flow chambers without addition of exogenous DNA (A) or
with addition of salmon sperm DNA (B) to the medium irrigated to the flow chambers after 2 days of cultivation. The bacteria appear green due to expression
of GFP, whereas the extracellular DNA surrounding the bacteria appears red due to staining with propidium iodide and visualization with ultrasensitive confocal
laser scanning microscopy. Scale bars, 50 �m.
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the biofilms (data not shown), presumably because the number of
detaching bacteria was reduced in the DNA-supplemented bio-
films. However, the purpose of the present investigation was to
compare the effect of eDNA on antimicrobial tolerance in P.
aeruginosa biofilms, and it was therefore essential to compare
equally sized microcolonies in the DNA-supplemented and non-
supplemented flow chamber biofilms. Accordingly, throughout
the present study, we have deliberately selected microcolonies of
roughly equal size in the DNA-supplemented and nonsupple-
mented biofilms during microscopy.

Exogenously added DNA increases the survival of flow-
chamber-grown P. aeruginosa wild-type biofilms toward tobra-
mycin treatment. After having shown that externally added DNA
gets incorporated into our P. aeruginosa flow chamber biofilms,
we next investigated if this extra eDNA can increase the tolerance
of the biofilms to tobramycin exposure. For visualization of eDNA
in biofilms as shown in Fig. 1, we combined propidium iodide
staining with ultrahigh sensitivity settings of the CLSM as pub-
lished previously (7). However, with normal CLSM sensitivity set-
tings, propidium iodide staining is routinely used to visualize dead
bacteria in biofilms (11). To investigate if the presence of extra
eDNA can increase the tolerance of flow-chamber-grown biofilms
to tobramycin treatment, we grew P. aeruginosa biofilms in flow
chambers with or without addition of salmon sperm DNA (as
described above) and then subsequently irrigated the flow cham-
bers with DNA-free medium supplemented with tobramycin and
propidium iodide. Figure 2 shows CLSM images acquired in such
biofilms 4, 8, and 24 h after the shift to the tobramycin-containing,

DNA-free perfusion medium. The 4-hour image in Fig. 2 (as well
as in Fig. 3, 4, and 5) shows that the biofilms contained only few
dead bacteria initially, and it also shows that eDNA is not visual-
ized by the propidium iodide staining with normal CLSM settings,
confirming that propidium iodide staining can visualize eDNA
when the sensitivity of the CLSM is ultrahigh (as in Fig. 1) but only
dead bacteria when the sensitivity of the CLSM is normal (as in
Fig. 2, 3, 4, and 5), in agreement with our previous studies (7, 11).
After 8 h of tobramycin treatment, the outer layer of the biofilm
microcolonies that had not received extra eDNA were killed,
whereas virtually all the bacteria in the biofilms that were supple-
mented with DNA appeared alive. After 24 h of continuing tobra-
mycin treatment, a larger fraction of the bacteria in the outer part
of the biofilm microcolonies both with and without extra eDNA
were killed, presumably due to saturation of the eDNA by the
constant delivery of fresh tobramycin in the perfusion medium.
From the experiments described here, we conclude that exoge-
nously added DNA can increase the tolerance of flow-chamber-
grown P. aeruginosa wild-type biofilms to tobramycin treatments.

The effect of DNA supplementation on biofilm-associated
tobramycin tolerance shown in Fig. 2 is consistent but relatively
modest. However, in the experiments reported here, the DNA-
supplemented medium irrigated to the flow cells contained ap-
proximately 40 �g salmon sperm DNA/ml, which is roughly two
orders of magnitude lower than the concentration of eDNA ex-
pected at sites of biofilm infections (e.g., see references 38 and 39
for eDNA concentrations in infected cystic fibrosis [CF] lungs).
The cost of salmon sperm DNA in combination with the large

FIG 2 Spatiotemporal distribution of live and dead bacteria in tobramycin-treated P. aeruginosa PAO1-GFP biofilms that were grown with or without exogenous
DNA. Biofilms were grown for 4 days and were then continuously exposed to tobramycin (25 �g/ml) and propidium iodide. In the case of the biofilm shown in
the lower panel, the medium irrigated to the flow chambers was supplied with salmon sperm DNA after 2 days of cultivation. Confocal laser scanning
micrographs were acquired 4, 8, and 24 h after the beginning of tobramycin treatment. The images show a horizontal xy section, with two flanking images
representing sections in the xz and yz planes. Live cells appear green due to expression of GFP, and dead cells appear red due to staining with the dead-cell
indicator propidium iodide. Scale bars, 50 �m.
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medium volumes used for flow chamber experiments prohibited
the use of higher eDNA concentrations.

Flow chamber biofilms formed by a DNA release-deficient P.
aeruginosa mutant are highly susceptible to tobramycin treat-
ment but resist tobramycin treatment if they are supplied with
exogenous DNA. We have previously shown that quorum-sens-
ing mutants, such as P. aeruginosa lasR rhlR and P. aeruginosa pqsA
mutants, are deficient in DNA release and form biofilms which are
more fragile than wild-type biofilms (7). In addition, evidence has
been provided that biofilms formed by P. aeruginosa quorum-
sensing mutants display reduced tolerance to tobramycin treat-
ment (37). In the present study, we investigated how addition of
exogenous DNA affects the tobramycin tolerance of biofilms
formed in flow chambers by a P. aeruginosa lasR rhlR quorum-
sensing mutant. After 4 h of tobramycin treatment, a few dead
cells appeared in the 4-day-old biofilms that did not receive extra
eDNA, whereas virtually all the bacteria in the DNA-supple-
mented biofilms were alive (Fig. 3). After 8 h of tobramycin treat-
ment, the outer layer of the microcolonies in the P. aeruginosa lasR
rhlR biofilms that did not receive extra eDNA were killed, whereas
almost all the bacteria in the DNA-supplemented P. aeruginosa
lasR rhlR biofilms were alive (Fig. 3). After 24 h of tobramycin
treatment, virtually all the bacteria in the P. aeruginosa lasR rhlR
biofilms that were not supplemented with DNA were killed,
whereas a substantial subpopulation in the inner part of the DNA-
supplemented P. aeruginosa lasR rhlR biofilms survived the tobra-
mycin treatment (Fig. 3). From these experiments, we conclude
that biofilms formed in flow chambers by a DNA release-deficient

P. aeruginosa mutant are susceptible to tobramycin treatment but
display increased tobramycin tolerance if they are supplied with
exogenous DNA.

Addition of lysed PMNs increases the tolerance of P. aerugi-
nosa biofilms toward tobramycin treatment. Walker et al. (17)
provided evidence that DNA and actin polymers released from
lysed PMNs can be used as extracellular matrix components in P.
aeruginosa biofilms. To investigate if components from lysed
PMNs can increase the tolerance of biofilms toward tobramycin,
we grew P. aeruginosa biofilms in flow chambers in which the
perfusion medium was either supplemented with lysed PMNs or
not and then subsequently irrigated the flow chambers with PMN-
free medium supplemented with tobramycin and propidium io-
dide. Figure 4 shows CLSM images acquired in the biofilms 4, 8,
and 24 h after the shift to the tobramycin-containing medium.
After 4 h of tobramycin treatment, virtually all the cells in the
PMN-supplemented and nonsupplemented biofilms were alive.
After 8 h of tobramycin treatment, the outer layers of the micro-
colonies of those biofilms that did not receive lysed PMNs prior to
the antibiotic treatment were killed, whereas almost all the bacte-
ria in the biofilms that had been supplemented with lysed PMNs
prior to the antibiotic treatment were alive. After 24 h of tobra-
mycin treatment, a larger fraction of the bacteria in the outer part
of the microcolonies in the biofilms both with and without lysed
PMNs were killed, presumably due to saturation of the biofilm
matrix by the continuous addition of tobramycin. The PMN-sup-
plemented medium contained approximately 104 lysed PMNs/ml,
which is considerably less than the concentration of PMNs ex-

FIG 3 Spatiotemporal distribution of live and dead bacteria in tobramycin-treated P. aeruginosa lasR rhlR-GFP biofilms that were grown with or without
exogenous DNA. Biofilms were grown for 4 days and were then continuously exposed to tobramycin (25 �g/ml) and propidium iodide. In the case of the biofilm
shown in the lower panel, the medium irrigated to the flow chambers was supplied with salmon sperm DNA after 2 days of cultivation. Confocal laser scanning
micrographs were acquired 4, 8, and 24 h after the beginning of tobramycin treatment. The images show a horizontal xy section, with two flanking images
representing sections in the xz and yz planes. Live cells appear green due to expression of GFP, and dead cells appear red due to staining with the dead-cell
indicator propidium iodide. Scale bars, 50 �m.

Chiang et al.

2356 aac.asm.org Antimicrobial Agents and Chemotherapy

 o
n
 J

u
n
e
 1

, 2
0
1
5
 b

y
 g

u
e
s
t

h
ttp

://a
a
c
.a

s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 

http://aac.asm.org
http://aac.asm.org/


pected at sites of biofilm infections. For example, the concentra-
tion of PMNs in sputum from CF lungs has been reported to be in
the range of 106 to 108 PMNs/ml (40, 41). From the experiments
described above, we conclude that components from lysed PMNs,
most likely eDNA, can increase the tolerance of P. aeruginosa bio-
films toward tobramycin.

Exogenously added DNA increases the tobramycin tolerance
of P. aeruginosa pmrF mutant biofilms. Mulcahy et al. (20) pro-
vided evidence that eDNA through cation binding can create a
cation-limited environment that results in induction of the cat-
ionic antimicrobial peptide resistance operon pmrHFIJKLME in
P. aeruginosa. It was shown that the DNA-induced expression of
the pmrHFIJKLME operon resulted in up to a 2,560-fold increased
resistance to cationic antimicrobial peptides and a 640-fold in-
creased resistance to aminoglycosides. Thus, the aminoglycoside
tolerance mediated by the presence of eDNA in the biofilms that
we report here might, as an alternative to our interpretation, be
caused by activation of the pmr genes mediated via binding and
withdrawal of cations by the eDNA. In order to investigate if the
pmr genes have a role in the eDNA-mediated aminoglycoside tol-
erance observed in our study, we investigated the response of a P.
aeruginosa pmrF mutant to tobramycin treatment. We have pre-
viously shown that biofilms formed by this P. aeruginosa pmrF
mutant, unlike wild-type biofilms, are highly susceptible to colis-
tin treatment (34), which is in accordance with a role of the pmr
genes in cationic antimicrobial peptide resistance (42–44). In the
present study, we found that exogenously added DNA also in-
creased the aminoglycoside tolerance of biofilms formed by the P.

aeruginosa pmrF mutant (Fig. 5). From this experiment, we con-
clude that the biofilm-associated aminoglycoside tolerance medi-
ated by the presence of eDNA is not caused by activation of the
pmr genes under our conditions.

Exogenously added DNA increases the minimal bactericidal
concentration of tobramycin and gentamicin toward P. aerugi-
nosa biofilms grown in microtiter trays. The experiments with
live/dead-stained flow cell biofilms described above were per-
formed three times with essentially the same results, but they nev-
ertheless suffer from being qualitative. We included microtiter
tray-based assays of the minimal bactericidal antibiotic concen-
trations for biofilm-grown cells (MBC-B) in our study in order to
obtain quantitative data in addition to the flow cell experiments.
The use of a microtiter tray-based assay also allowed us to use
eDNA concentrations in the range found for biofilm infections.
The concentration of eDNA in sputum from CF lungs was re-
ported to be within 2 to 20 mg/ml (38, 39), and accordingly we
used a salmon sperm DNA concentration of 4 mg/ml in our
MBC-B assays. We did not use higher eDNA concentrations than
4 mg/ml, since it has been reported that eDNA at concentrations
of 5 mg/ml or higher can kill P. aeruginosa in LB cultures (20). We
first grew the biofilms for 24 h in microtiter trays containing AB-
glucose medium with or without salmon sperm DNA. The plank-
tonic bacteria in the microtiter tray wells reached the same optical
density with or without salmon sperm DNA, confirming that the
eDNA did not have antimicrobial activity at the concentration we
used. We then removed the liquid medium with the planktonic
cells and added fresh DNA-free medium with various concentra-

FIG 4 Spatiotemporal distribution of live and dead bacteria in tobramycin-treated P. aeruginosa PAO1-GFP biofilms that were grown with or without addition
of lysed PMNs. Biofilms were grown for 4 days and were then continuously exposed to tobramycin (25 �g/ml) and propidium iodide. In the case of the biofilm
shown in the lower panel, the medium irrigated to the flow chambers was supplied with lysed PMNs after 2 days of cultivation. Confocal laser scanning
micrographs were acquired 4, 8, and 24 h after the beginning of tobramycin treatment. The images show a horizontal xy section, with two flanking images
representing sections in the xz and yz planes. Live cells appear green due to expression of GFP, and dead cells appear red due to staining with the dead-cell
indicator propidium iodide. Scale bars, 50 �m.
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tions of either tobramycin or gentamicin, and after 24 h of expo-
sure to one or the other antibiotic, the biofilms were allowed to
recover in fresh medium without antibiotics for an additional 24
h, upon which their viability was assessed. The microtiter tray-
based MBC-B assays were carried out with tobramycin for the
wild-type, lasR rhlR, and pmrF strains, whereas the experiment
with gentamicin was done only with the P. aeruginosa wild type,
since the pmrF and lasR rhlR mutants harbor gentamicin resis-
tance genes. As shown in Table 2, the MBC-B values were substan-
tially higher for the biofilms grown with salmon sperm DNA
added to the medium in comparison to when no exogenous DNA
was added. The experiments with the pmrF mutant confirmed that
the effect of eDNA on the aminoglycoside tolerance of P. aerugi-

nosa biofilms is independent of the Pmr system also in the micro-
titer tray-based assay. Contrary to our expectation, the MBC-B
value obtained for the lasR rhlR mutant without DNA supplemen-
tation was not significantly lower than the MBC-B value obtained
for the wild type without DNA supplementation. Currently, we
cannot explain this observation, but it is possible that a subpopu-
lation of dead DNA-releasing cells arise during biofilm formation
in microtiter trays for both the quorum-sensing mutant and the
wild type. The MBC-B values obtained in the present study are
lower than those reported by others previously (35), which may
indicate that our biofilms were less developed than those investi-
gated by others.

DISCUSSION

In the present paper, we demonstrate that exogenously added
DNA can be incorporated into P. aeruginosa biofilms and increase
their tolerance toward aminoglycosides. We provide evidence that
biofilms formed in flow chambers by a DNA release-deficient P.
aeruginosa quorum-sensing mutant are susceptible to aminogly-
coside treatment but become aminoglycoside tolerant if they are
supplied with exogenous DNA. We demonstrate that addition of
lysed PMNs increases the tolerance of P. aeruginosa biofilms to-
ward aminoglycosides. Moreover, we show that the biofilm-asso-
ciated aminoglycoside tolerance mediated by the presence of
eDNA is not caused by activation of the pmr genes under our
conditions.

In agreement with our results, Mulcahy et al. (20) also found
that the presence of eDNA increased the MBC-B values of P.

FIG 5 Spatiotemporal distribution of live and dead bacteria in tobramycin-treated P. aeruginosa pmrF-GFP biofilms that were grown with or without exogenous
DNA. Biofilms were grown for 4 days and were then continuously exposed to tobramycin (25 �g/ml) and propidium iodide. In the case of the biofilm shown in
the lower panel, the medium irrigated to the flow chambers was supplied with salmon sperm DNA after 2 days of cultivation. Confocal laser scanning
micrographs were acquired 4, 8, and 24 h after the beginning of tobramycin treatment. The images show a horizontal xy section, with two flanking images
representing sections in the xz and yz planes. Live cells appear green due to expression of GFP, and dead cells appear red due to staining with the dead-cell
indicator propidium iodide. Scale bars, 50 �m.

TABLE 2 Minimal bactericidal antibiotic concentration for P.
aeruginosa biofilms grown for 24 h in microtiter trays with or without
dialyzed salmon sperm DNA in the medium

Strain DNA

MBC-Ba

Tobramycin Gentamicin

Wild type � 19 (2.0) 33 (1.4)

Wild type � 62 (3.8) 72 (5.8)

pmr mutant � 15 (1.3) NA

pmr mutant � 52 (5.8) NA

lasR rhlR mutant � 18 (0.7) NA

lasR rhlR mutant � 53 (1.4) NA
a Averages (�g/ml) and standard deviations (in brackets) from three measurements are

shown. NA, not applicable.
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aeruginosa wild-type biofilms toward tobramycin and gentamicin.
They also included a pmr mutant (PA3553) in their studies, noted
that this mutant also displayed DNA-induced resistance to tobra-
mycin and gentamicin, and suggested that DNA-induced resis-
tance to aminoglycosides is not limited to PA3553 induction (20).
The results of Mulcahy et al. therefore support our conclusion that
eDNA can mediate aminoglycoside tolerance in P. aeruginosa bio-
films both because of activation of the Pmr system and because of
a shield effect. The effect of eDNA on the aminoglycoside toler-
ance of our microtiter tray-grown biofilms was not as dramatic as
that found by Mulcahy et al. For example, we found that addition
of eDNA increased the tobramycin tolerance of wild-type biofilms
3.3-fold and the tobramycin tolerance of pmr mutant biofilms
3.5-fold, whereas Mulcahy et al. reported that DNA supplemen-
tation increased the tobramycin tolerance of wild-type biofilms
128-fold and the tobramycin tolerance of pmr mutant biofilms
16-fold. However, in our experiments, a lot of eDNA most likely
was removed from the biofilms when the planktonic bacteria were
removed prior to addition of DNA-free medium with antibiotic,
whereas Mulcahy et al. challenged the biofilms with antibiotic in
the same media in which they were cultivated (i.e., containing
eDNA).

DNA binds aminoglycosides and positively charged antimicro-
bial peptides via electrostatic interactions (23). We anticipate that
eDNA in P. aeruginosa biofilms can act like a sink that sequesters
the antibiotics. The eDNA-mediated antimicrobial tolerance ob-
served in our flow chamber biofilms lasted only for a limited time
period. This finding is consistent with saturation of the eDNA by
the constant delivery of fresh antibiotic in the perfusion medium
irrigated to the flow cells. However, eDNA-mediated delayed pen-
etration of aminoglycosides in biofilms might play an important
role in the antimicrobial tolerance displayed by biofilm infections.
An infected CF lung, for example, may have zones with poor ac-
cess to aminoglycoside aerosols, so that the antibiotic concentra-
tion is too low to saturate the biofilm matrix.

Although PMNs normally can clear acute infections caused by
planktonic bacteria, the PMNs fail to eradicate bacteria present in
biofilms, possibly due to protection offered by the extracellular
biofilm matrix and production of certain virulence factors that
can abolish proper PMN function (1). Accordingly, P. aeruginosa
was found to produce cytolytic rhamnolipids in biofilms (18, 45).
The production of rhamnolipid in P. aeruginosa biofilms was
demonstrated to be induced by the presence of PMNs, and the
rhamnolipid was found to subsequently lyse the PMNs from
which DNA was shown to be released (18, 45). Thus, the rhamno-
lipid may contribute to the ability of P. aeruginosa to persist in
biofilm infections. In line with this, microscopic inspection of
lung tissues from chronically infected CF patients and from
chronic wound tissues revealed that P. aeruginosa biofilms in these
tissues were surrounded but not penetrated by PMNs (46, 47),
similar to what has been observed in studies with in vitro P. aerugi-
nosa biofilms overlaid with freshly isolated PMNs (37). The per-
sistent PMN accumulation and necrosis associated with biofilm
infections result in sites highly enriched with DNA, actin, and
granule proteins. Walker et al. (17) provided evidence that the
presence of PMNs enhances P. aeruginosa biofilm formation
through the lytic release of DNA and actin polymers that rein-
forces the biofilm matrix. These findings suggest a potential mal-
adaptation of the primary innate immune response against bacte-
rial infection. When the host fails to eradicate the infection, DNA

and other cellular components from necrotic PMNs serve as an
extracellular matrix to facilitate biofilm formation. As shown here,
the DNA provided by the PMNs can increase the tolerance of the
biofilms toward aminoglycosides. However, because DNA also
binds cationic antimicrobial peptides (48, 49), it is possible that
the DNA in biofilms can protect the bacteria against many of the
antimicrobials produced by the host, e.g., lysozyme, lactoferrin,

-defensin, and LL37. The activity of the bacteria and PMNs dur-
ing a biofilm infection may thus result in a vicious cycle: PMNs are
attracted by the bacteria, and when they get in contact with the
biofilm, they are lysed. The DNA liberated from the lysed PMNs is
then used by the bacteria to reinforce the biofilm and shield
against antimicrobial peptides produced by the host and amin-
oglycosides administered by the physician.

In addition to eDNA, other components of the extracellular
matrix may confer tolerance to aminoglycosides in biofilms. Evi-
dence has been provided that alginate in the biofilm matrix and
cyclic glucans in the periplasm of the bacteria may protect P.
aeruginosa biofilms from aminoglycosides by binding the antibi-
otics (35, 50). Moreover, Colvin et al. (51) recently provided evi-
dence that the Pel exopolysaccharide plays a role in aminoglyco-
side tolerance in P. aeruginosa biofilms. However, contrary to the
study by Colvin et al. (51), Khan et al. (52) presented evidence that
the presence of Pel polysaccharide is not important for aminogly-
coside tolerance in P. aeruginosa biofilms grown in microtiter
dishes.

The work described here has provided knowledge about the
molecular mechanisms which are involved in antimicrobial toler-
ance in P. aeruginosa biofilms. A detailed understanding of the
mechanisms underlying the recalcitrance of biofilms toward anti-
microbial therapy will ultimately enable us to develop efficient
treatments against a wide range of persistent infections.
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