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B

acteria growing on surfaces often form biofilms, which represent a complex bacterial lifestyle adaptation that provides protection from environmental stresses (2, 11, 18, 30, 34, 38). Indeed,
it has been estimated that biofilm cells are up to 1,000 times more
resistant to most antimicrobial agents than planktonic cells (7).
An estimated 80% of all bacterial infections are biofilm related (7,
11). In addition to increased recalcitrance, biofilms are able to
effectively evade the host defense system, thus hindering treatment (7, 11). This explains why bacteria growing in biofilms cause
a variety of infections, including chronic lung, wound, and ear
infections (11). Biofilms are also very adept at colonizing medical
devices (e.g., catheters, implants, etc.), resulting in increased hospital stays and adding more than 1 billion dollars per year to hospitalization costs in the United States alone (11). Despite the importance of biofilms, limited studies have focused on the
identification of compounds able to specifically target and inhibit
this mode of bacterial growth (1, 23, 24, 27, 33, 37, 47, 51, 59).
Instead, research has traditionally been focused on the development of anti-infective agents capable of killing a wide range of
multidrug-resistant, disease-causing planktonic bacteria.
Recently, cationic host defense peptides have been considered
potential anti-infective agents due primarily to their antimicrobial
or immunomodulatory properties (4, 6, 8, 9, 14, 17, 43, 44, 48).
Natural cationic peptides are 12 to 50 amino acids in length and
are amphiphilic, having 2 to 9 basic residues (R or K) and ⬃50%
hydrophobic residues (4, 14). Their mechanism of action has been
proposed to involve multiple targets, making them less prone to
selecting for resistance compared to conventional antibiotics (4,
14). Thus, cationic antimicrobial peptides target the bacterial cell
with low affinity through several coincident microbicidal mechanisms (4, 14). Bacterial biofilms have been found to be particularly
resistant to cationic antibiotics, possibly due to the presence, in
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the biofilm matrix, of negatively charged polymers that bind and
deactivate these antibiotics (19, 29, 32, 39). However, recently we
made the breakthrough observation that the natural human
cathelicidin peptide LL-37 is able to block Pseudomonas aeruginosa biofilm growth and accelerate disintegration of preformed
biofilms (41).
Therefore, we screened our cationic peptide libraries for peptides with effective antibiofilm activity. Here, we report on the
small (9-amino-acid) cationic peptide 1037, which has very weak
antimicrobial activity (MIC, 304 g/ml) and works against biofilms formed by diverse bacterial species. Comparative analysis of
transcriptomic data allowed the identification of novel dysregulated genes that are involved in biofilm formation.
MATERIALS AND METHODS
Bacterial strains. Pseudomonas aeruginosa wild-type strains PA14 and
PAO1, Burkholderia cenocepacia 4813, and the food-borne pathogen Listeria monocytogenes 568 were used. All mutants were obtained from the P.
aeruginosa PAO1 library (21).
Peptide synthesis. All peptides used in this study, including peptide
1037 (KRFRIRVRV-NH2), were synthesized by GenScript (Piscataway,
NJ) using solid-phase 9-fluorenylmethoxy carbonyl (Fmoc) chemistry
and purified to a purity of ⬎95% using reverse-phase high-performance
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Biofilms cause up to 80% of infections and are difficult to treat due to their substantial multidrug resistance compared to their
planktonic counterparts. Based on the observation that human peptide LL-37 is able to block biofilm formation at concentrations below its MIC, we screened for small peptides with antibiofilm activity and identified novel synthetic cationic peptide 1037
of only 9 amino acids in length. Peptide 1037 had very weak antimicrobial activity, but at 1/30th the MIC the peptide was able to
effectively prevent biofilm formation (>50% reduction in cell biomass) by the Gram-negative pathogens Pseudomonas aeruginosa and Burkholderia cenocepacia and Gram-positive Listeria monocytogenes. Using a flow cell system and a widefield fluorescence microscope, 1037 was shown to significantly reduce biofilm formation and lead to cell death in biofilms. Microarray and
follow-up studies showed that, in P. aeruginosa, 1037 directly inhibited biofilms by reducing swimming and swarming motilities, stimulating twitching motility, and suppressing the expression of a variety of genes involved in biofilm formation (e.g.,
PA2204). Comparison of microarray data from cells treated with peptides LL-37 and 1037 enabled the identification of 11 common P. aeruginosa genes that have a role in biofilm formation and are proposed to represent functional targets of these peptides.
Peptide 1037 shows promise as a potential therapeutic agent against chronic, recurrent biofilm infections caused by a variety of
bacteria.
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times with at least three replicates for each bacterial strain. All resulting
dendritic colonies were analyzed by measuring the surface coverage on
agar plates after 15 h of incubation at 37°C using Image J software. In the
case of PAO1, due to its rounded swarming colony appearance, the
swarming area was evaluated by measuring the diameter of the swarming
colony.
Swimming and twitching motility assays. For swimming assays, LB
medium plates with 0.3% (wt/vol) agar were used (40). One-microliter
aliquots of mid-log-phase cultures grown in LB broth were inoculated
onto 6-well plates containing 10 ml LB (0.3% agar) and supplemented
with increasing concentrations of peptide 1037. The diameters of the
swimming zones were measured after incubation for 15 h at 37°C. Twitching was assessed as described previously (41). Briefly 6-well plates containing 10 ml of LB medium supplemented with 1% (wt/vol) agar and
increasing concentrations of peptide 1037 were inoculated by a toothpick
stabbed through the agar to the agar-plastic interface, with 1 l of midlog-phase cultures grown in LB broth. Twitching motility was determined
by measuring the diameters of the twitching zones after 24 h of incubation. For both swimming and twitching assays, at least three independent
experiments were performed.
DNA microarray experiment. P. aeruginosa PAO1 was grown on glass
plates in the presence (20 g/ml) or absence of 1037. After 24 h of incubation at 37°C and shaking conditions, planktonic cells were washed off
and biofilm cells were scraped from the glass surface. Once the cells were
harvested, RNA isolation, cDNA synthesis, hybridization to microarray
slides (The Institute for Genomic Research [TIGR], Pathogenic Functional Genomics Resource Center), and the analysis of DNA microarray
slides using ArrayPipe version 1.7 were performed as previously described
(41). Only genes that exhibited a change, compared to the results for the
untreated control, of 2-fold or more with a P value of ⱕ0.05 were considered in this study.
Microarray data accession number. The microarray data have been
deposited in ArrayExpress under accession number E-MTAB-962.

RESULTS

Synthetic peptide screen. P. aeruginosa is one of the three major
causes of infections in hospitalized patients and is responsible for
around 180,000 infections per year in North America (13, 58).
This opportunistic human pathogen is also the most prevalent
pathogen in patients with cystic fibrosis (CF), the most common
eventually fatal recessive genetic disease in the Caucasian population (3, 36, 52, 57), and in this context commonly forms biofilms.
The demonstrated ability of cationic peptide LL-37 to inhibit P.
aeruginosa biofilms (41) encouraged the design of new, improved
antibiofilm peptides. One of the main objectives was to minimize
the size of the peptides, while conserving their antibiofilm activity.
We argued that smaller peptides would be less expensive to produce and that a reduction in the number of amino acids would
allow a more comprehensive understanding of the amino acid
sequence responsible for antibiofilm activity. Therefore, we randomly selected around 50 peptides from previous libraries (based
loosely on the weakly active bovine peptide Bac2A, with the same
sizes and similar overall amino acid compositions) developed to
investigate antimicrobial activity against planktonic bacteria (6),
selecting both active and inactive peptides in this study. More than
50 derivatives were tested in 96-well plate biofilm assays, and 14
were found to have antibiofilm activity, with some peptides being
able to inhibit biofilm formation by 45 to 65%. One of the best of
these was HH15 (Table 1), a peptide with modest antimicrobial
activity.
Around 15 other peptides were then designed and synthesized
with sequence or thematic similarities to HH15. Several had antibiofilm activity, including two, 1037 and 1029, that were only 9
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liquid chromatography (HPLC). Peptide mass was confirmed by mass
spectrometry.
MIC. The broth microdilution method with minor modifications for
cationic peptides (61) was used for measuring the MIC in BM2 medium.
Peptides were dissolved in water and stored in glass vials, and MIC assays
were performed in sterile 96-well polypropylene microtiter plates (catalog
no. 3790; COSTAR). Peptides were added to the plate at the desired concentrations, and the bacteria were inoculated to a final concentration of
5 ⫻ 105 CFU/ml per well. The plates were incubated at 37°C for 24 and 48
h. The MIC was defined as the lowest concentration of peptide at which no
growth was observed.
Growth curves. All strains used in this study were grown overnight in
BM2 swarming medium (62 mM potassium phosphate buffer [pH 7], 2
mM MgSO4, 10 M FeSO4, 0.4% [wt/vol] glucose, 0.1% or 0.5% [wt/vol]
Casamino Acids). If necessary, cultures were diluted to obtain equal optical densities. Five-microliter portions of these cultures were added to
195 l of fresh swarming medium in 96-well microtiter plates. The growth
of these cultures at 37°C under shaking conditions was monitored with a
TECAN Spectrofluor Plus by determining the absorbance at 620 nm every
20 min for 24 h. Two independent experiments were performed.
Biofilm assays. Biofilm formation was initially analyzed using a static
abiotic solid surface assay as described elsewhere (41, 46, 50). Dilutions
(1/100) of overnight cultures were incubated in BM2 biofilm-adjusted
medium [62 mM potassium phosphate buffer (pH 7), 7 mM (NH4)2SO4,
2 mM MgSO4, 10 M FeSO4, 0.4% (wt/vol) glucose, 0.5% (wt/vol) Casamino Acids] in polypropylene microtiter plates (Falcon, United States) in
the presence of peptide 1037 for 22 h at 37°C. Planktonic cells were removed, biofilm cells adhering to the side of the tubes were stained with
crystal violet, and the optical density at 595 nm (OD595; 600 nm for L.
monocytogenes) was measured using a microtiter plate reader (Bio-Tek
Instruments Inc., United States). Listeria biofilms were grown in tryptic
soy broth (TSB) medium under shaking conditions (200 rpm), with medium replacement every 24 h for a total of 72 h. Peptide 1037 was added at
time zero (prior to adding the diluted, overnight cultures) in various
concentrations, and the decrease in biofilm formation was recorded at 22
h for Pseudomonas and Burkholderia and at 72 h for Listeria.
Biofilm cultivation in flow chambers and microscopy. Biofilms were
cultivated for 72 h in the presence of 20 g/ml of 1037 at 37°C in flow
chambers with channel dimensions of 1 by 4 by 40 mm, as previously
described (62) but with minor modifications. Silicone tubing (VWR,
0.062 in ID by 0.125 in OD by 0.032 in wall) was autoclaved, and the
system was assembled and sterilized by pumping a 0.5% hypochlorite
solution through the system at 6 rpm for 1 h using a Watson Marlow 205S
peristaltic pump. The system was then rinsed at 6 rpm with sterile water
and medium for 30 min each. Flow chambers were inoculated by injecting
400 l of mid-log culture diluted to an OD600 of 0.02 with a syringe. After
inoculation, chambers were left without flow for 2 h, after which medium
was pumped through the system at a constant rate of 0.75 rpm (3.6 ml/h).
Microscopy was done with a Leica DMI 4000 B widefield fluorescence
microscope equipped with filter sets for monitoring of green (Ex 490/20,
Em 525/36) and red (Ex 555/25, Em 605/52) fluorescence, using the Quorum Angstrom Optigrid (MetaMorph) acquisition software. Images were
obtained with a 63⫻/1.4 numerical aperture objective. Deconvolution
was done with Huygens Essential (Scientific Volume Imaging B.V.), and
three-dimensional (3D) reconstructions were generated using the Imaris
software package (Bitplane AG).
Swarming assays. Swarming experiments were performed on BM2
swarming agar plates (62 mM potassium phosphate buffer [pH 7], 2 mM
MgSO4, 10 M FeSO4, 0.4% [wt/vol] glucose, 0.1% [wt/vol] Casamino
Acids [0.5% Casamino Acids for PAO1], 0.5% [wt/vol] Difco agar) supplemented with different concentrations of the peptide. One-microliter
aliquots of mid-log-phase (i.e., OD600 of 0.4 to 0.6) cultures grown in
BM2 minimal medium [62 mM potassium phosphate buffer (pH 7), 7
mM (NH4)2SO4, 2 mM MgSO4, 10uM FeSO4, 0.4% (wt/vol) glucose]
were inoculated in 6-well plates. Each experiment was carried out three
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TABLE 1 Screening of peptide library
Amino acid sequencea

LL-37

LLGDFFRKSKEKIGKE
FKRIVQRIKDFL
RNLVPRTES
RLARIVVIRVAR
KRFRIRVRVIRK
VQWRIRVRVIKK
KQFRIRVRV
VQFRIRVRIVIRK
KRFRIRVRV
FRIRVRV
VQLRIRVAVIRA
VQRWLIVWRIRK
IVWKIKRWWVGR
RFWKVRVKYIRF
RIKWIVRFR
VRLRIRVAVRRA
IRWRIRVWVRRI
RRWVVWRIVQRR
IFWRRIVIVKKF
VRLRIRVA
LRIRWIFKR
VRLRIRVAVIRK
VRLRIRWWVLRK
KRFRIRVAVRRA
KRWRWIVRNIRR
WRWRVRVWR

Bac2a
HH15
1026
1029
1036
1037
Consensus
HH2
1002
1003
1004
1008
HH7
1010
1011
1012
1013
1016
HH8
1020
HH10
1035
1031
a

Biofilm inhibition
at 1/2 MIC (%)

31

57

50
12
5
10
10
304

0
45
54
40
43
78

50
5
20
5
20
12
⬎256
20
20
10
20
8
3
0.8
40
2.5

0
0
15
15
0
0
0
20
0
24
30
0
22
0
15
22

Underlining and boldface represent consensus sequence amino acids.

amino acids in length. A 7-amino-acid consensus sequence was
apparent in the 5 best antibiofilm peptides (Table 1), although we
did not rigorously explore this consensus sequence. Peptide 1026
with an F3W change in the third residue to another aromatic
amino acid retained good antibiofilm activity, but peptide HH10
with an R8A change completely lost antibiofilm activity, as did
HH2, HH7, and HH8 with this same change (in addition to an F3L
change). Collectively, these data are consistent with the possibility
that the Arg residue in position 6 of the consensus is important for
the antibiofilm activity of these peptides.
Peptide 1037 that lacked only the last 3 amino acids of HH15
had a very high MIC (304 g/ml) (Table 2) but paradoxically
demonstrated the most potent decrease in biofilm mass (78% decrease) at low concentrations (1/2 MIC) (Table 1). Substitution of
Arg at position 2 with Gln in peptide 1029 led to a substantial
improvement in MIC but a decrease in antibiofilm activity, indicating that biofilm and antimicrobial activities were independent,
as confirmed by a number of peptides, including HH10, with good
antimicrobial activity but no or minimal antibiofilm activity (Table 1). Due to its small size and apparent selective potency toward
biofilms, 1037 was selected for further studies.
Subinhibitory concentrations of 1037 inhibited bacterial
biofilm formation in a broad-spectrum manner. Antibiofilm activity was confirmed using static abiotic solid-surface assays (SSA)
in which P. aeruginosa growing as biofilms was treated with increasing concentrations of 1037 (Fig. 1). As little as 10 g/ml of
peptide inhibited biofilm formation by ⬃50%. To determine
whether the inhibitory effect on biofilm development was related
to general growth inhibition or a change in the bacterial growth
rate, growth was measured in BM2 biofilm-adjusted medium
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Bacterial strain

MIC (g/ml)

PAO1
PA14
B. cenocepacia 4813
L. monocytogenes LM568

304
304
⬎608
25

treated with increasing concentrations of 1037 under shaking conditions at 37°C. These experiments underlined the specific inhibitory effect of 1037 on biofilms, since sub-MIC levels of the peptide did not affect the planktonic growth of P. aeruginosa (data not
shown). To further evaluate and confirm the antibiofilm properties of the peptide, a more sophisticated flow chamber biofilm
model based on a flow cell system and microscopy was employed.
When biofilm cells of either PAO1 or PA14 were treated with
sublethal concentrations of the peptide (20 g/ml; 1/15 MIC),
biofilm formation was clearly repressed, with a strong decrease in
the height of biofilms (Fig. 2). Strikingly, treated samples demonstrated a moderate increase in the number of dead biofilm cells,
indicating that levels of 1037 that were more than 15-fold below
the planktonic MIC were able to lead to the death of biofilm cells
(Fig. 2).
To determine whether the antibiofilm action of 1037 was
broad spectrum, we evaluated its activity on static biofilm cultures
of B. cenocepacia and the Gram-positive pathogen L. monocytogenes. B. cenocepacia, a prominent CF pathogen, can cause chronic
infections (in a biofilm growth mode) as well as cepacia syndrome,
a fatal pneumonia accompanied by septicemia (31). It was selected, as it is notoriously resistant to the killing action of antimicrobial peptides (35). L. monocytogenes is a ubiquitous, intracellular pathogen that causes food-borne disease and deadly listeriosis
(10), and the biofilm mode of growth is thought to be involved in
its persistence in the environment and foods. Treatment with 1037
resulted in a substantial reduction in biofilm growth in both organisms (Fig. 1). In particular, Listeria biofilm formation was reduced by as little as 0.63 g/ml, while 5 g/ml caused complete
inhibition of biofilm organisms, even though 20 g/ml caused no
inhibition of planktonic cells (data not shown).
Transcriptome determination. To obtain insight into the molecular mechanism(s) by which 1037 inhibits bacterial biofilms,
we evaluated the effect of the peptide on gene expression of P.
aeruginosa PAO1 biofilms. For this, we used microarray technology to analyze the global gene expression of biofilms grown in the
presence and absence of 1037. A total of 398 genes (selected genes
are shown in Table 3) were shown to be significantly dysregulated
(P value of ⬍0.05 by Student’s t test) by at least 2-fold in the
presence of 1037. Of these, 138 were downregulated and 260 were
upregulated (see Table S1 in the supplemental material). These
genes were analyzed for those that were likely to impact on biofilm
formation.
Inhibition of swimming and swarming motilities and stimulation of twitching motility. Flagella are known to be involved in
swimming motility and play a role in biofilm formation and
swarming motility (3, 11, 22, 26, 30, 42). Interestingly, several
genes related to flagella were downregulated by 2- to 3-fold in the
presence of 1037 (Table 3). In contrast, chemotaxis genes (28)
were upregulated by up to 8-fold (Table 3). Genes associated with
denitrification (i.e., anaerobic respiration) (53, 64) were found to
be downregulated by up to 11-fold in the treated samples.
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TABLE 2 1037 MIC determination
MIC
(g/ml)

Novel Synthetic Peptide Inhibits Bacterial Bioﬁlms

in the presence of 1037. After growth at 37°C for 22 h, biofilm growth was assessed by crystal violet staining and quantified at 595 nm. All experiments were done
at least 3 times, and statistical significance was determined using one-way ANOVA (no asterisk, P ⬎ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001).

To further validate the microarray results, the effect of 1037 on
processes related to biofilm formation (i.e., swimming, swarming,
and twitching motilities) was determined. Peptide 1037 reduced flagella-dependent swimming motility in a broad-spectrum fashion, affecting this type of motility in PA14, PAO1, and B. cenocepacia 4813
(Fig. 3). This is particularly interesting since flagella play a role both in

biofilm formation and swarming motility. Swarming motility, which
like biofilm formation is a complex adaptation dependent on flagellin
and quorum sensing (but otherwise quite distinct), was significantly
and nearly completely knocked down (P value of ⬍0.001 by one-way
analysis of variance [ANOVA]) by the action of 1037 in both P.
aeruginosa and Burkholderia (Fig. 4).

FIG 2 Flow cell analysis of P. aeruginosa PA14 biofilm formation in the absence and presence of 20 g/ml 1037. P. aeruginosa biofilms were cultivated in minimal
medium for 72 h in the presence of 20 g/ml of 1037 peptide at 37°C in flow chambers. Biofilms were stained and visualized using SYTO-9 to stain live biofilm
cells green and propidium iodide, a normally cell-impermeable stain, to stain dead cells red and examined by widefield fluorescence microscopy. The scale bar
represents 15 m in length, and each panel shows xy, yz, and xz dimensions. (A to C) PA14 biofilm untreated. Images correspond to PA14 biofilm stained with
SYTO-9 (A), PA14 biofilm stained with propidium iodide (B), merged image (C). (D to F). PA14 biofilm treated with 20 g/ml of 1037 peptide. Images
correspond to PA14 biofilm stained with SYTO-9 (D), PA14 biofilm stained with propidium iodide (E), and merged image (F).
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FIG 1 Dose-dependent antibiofilm effect of 1037 on Gram-negative and Gram-positive bacteria. Different bacterial strains were grown under biofilm conditions

de la Fuente-Núñez et al.

TABLE 3 Selected P. aeruginosa genes dysregulated by 1037 in biofilms
Gene

Protein

Fold change

P value

Flagella
PA1077
PA1078
PA1079
PA1081

flgB
flgC
flgD
flgF

Flagellar basal-body rod protein FlgB
Flagellar basal-body rod protein FlgC
Flagellar basal-body rod modification protein
Flagellar basal-body rod protein FlgF

⫺3.84
⫺2.19
⫺2.52
⫺2.27

5E⫺08
0.0002
0.0002
0.01

Chemotaxis
PA4953
PA0176
PA1608
PA2788
PA3704

motB
aer2
PA1608
PA2788
wspE

Chemotaxis protein MotB
Aerotaxis transducer Aer2
Probable chemotaxis transducer
Probable chemotaxis transducer
Probable chemotaxis sensor/effector fusion

6.06
3.64
8.05
2.28
4.85

0.003
0.03
0.0005
0.05
0.008

Anaerobic
growth
PA0519
PA0523
PA3392

nirS
norC
nosZ

Nitrite reductase precursor
Nitric-oxide reductase subunit C
Nitrous-oxide reductase precursor

⫺3.56
⫺11.51
⫺4.71

0.004
5E⫺08
0.01

Others
PA4959
PA3361
PA4479
PA5053
PA3478
PA4230
PA4228
PA4226
PA1202
PA2145
PA2204
PA2330
PA2781
PA3369
PA4739
PA0267
PA3234
PA3903
PA4454

fimX
lecB
mreD
hslV
rhlB
pchB
pchD
pchE
PA1202
PA2145
PA2204
PA2330
PA2781
PA3369
PA4739
PA0267
actP
prfC
PA4454

Type IV pilus assembly
Fucose-binding lectin PA-IIL
Rod-shape-determining protein MreD
Heat shock protein HslV
Rhamnosyltransferase chain B
Salicylate biosynthesis protein PchB
Pyochelin biosynthesis protein PchD
Dihydroaeruginoic acid synthetase
Probable hydrolase
Hypothetical protein
Probable binding protein of ABC transporter
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Probable sodium-solute symporter
Peptide chain release factor 3
Hypothetical protein

5.49
⫺4.79
4.43
11.84
⫺3.45
⫺2.64
⫺2.88
⫺2.70
⫺2.41
⫺3.28
⫺3.58
⫺3.93
⫺2.17
⫺7.93
⫺5.31
3.57
2.73
8.57
4.77

0.004
0.007
0.007
4E⫺05
0.005
0.03
0.001
0.03
0.026
0.047
0.0023
0.035
0.038
2.5E⫺08
2E⫺07
0.033
0.0164
0.0003
0.009

Pilus-mediated twitching motility involves the movement of
Pseudomonas on solid surfaces. Twitching motility has been
shown to be involved in the disassembly of biofilm structures (45,
56). Array results demonstrated that a gene required for twitching
motility (fimX) (25) was upregulated by more than 5-fold. Consistent with this result, sub-MIC concentrations of 1037 significantly (P value of ⬍0.05 by one-way ANOVA) enhanced twitching motility by about 45% (Fig. 5).
Screening of genes dysregulated by the action of cationic
peptides LL-37 and 1037. Since 1037, like LL-37, is a cationic
amphipathic peptide with antibiofilm activity, we wondered
whether these peptides inhibited biofilms using similar mechanisms. We therefore compared microarrays evaluating the effects
on P. aeruginosa biofilms of LL-37 (41) and 1037 (see Table S1 in
the supplemental material). A common set of 14 genes, out of
more than 400 dysregulated genes, was found to be dysregulated
in biofilms treated with either peptide, including 10 downregulated genes and 4 upregulated genes (Fig. 6). To assess the involvement of these genes in biofilm formation, transposon mutants in
each gene were grown in static biofilm cultures. Among the down-
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regulated genes, mutants in all but one (PA2781) exhibited various deficiencies in biofilm formation by 13 to 83% (Fig. 6A).
Prominent biofilm deficiency phenotypes were found for mutants
in the nitrogen metabolism gene PA0519, the flagella gene flgB
(PA1077), and particularly in a gene predicted to be a probable
ABC transporter binding protein (PA2204). Mutants corresponding to the upregulated genes were also grown in static cultures to
determine their biofilm phenotypes. Two mutants demonstrated
significantly increased biomasses (PA3234 and PA4454) compared to that of the wild-type strain (Fig. 6B).
DISCUSSION

The objective of the present study was to identify a very short
peptide with full antibiofilm capability. Here, we identified a novel
9-amino-acid peptide, 1037, capable of knocking down bacterial
biofilms. By comparing the primary structures of a series of peptides that exhibited reasonable antibiofilm activity (Table 1), a
consensus amphipathic sequence (FRIRVRV) was identified, with
3 cationic residues (i.e., R) and 4 hydrophobic amino acids, analogous to host defense peptides.
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Probe ID by type
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of 1037. The diameters (in cm) of the swim zones were measured after incubation for 20 h at 37°C. All experiments were done at least 3 times, and statistical
significance was determined using one-way ANOVA (no asterisk, P ⬎ 0.05; *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001).

Interestingly, 1037, one of the smallest peptides that we designed, was found to have the most potent antibiofilm activity
(Table 1). Indeed, levels of 1037 more than 30-fold lower than the
MIC for planktonic cells were able to significantly reduce biofilm

formation in both Gram-negative (P. aeruginosa, B. cenocepacia)
and Gram-positive (L. monocytogenes) bacteria (Table 2; Fig. 1).
Intriguingly, 1037, as well as altering the thickness and morphology of biofilms, led to a decreased number of biofilm cells of
P. aeruginosa (Fig. 2), even though, paradoxically, it failed to show
significant direct antimicrobial activity against planktonic cells

FIG 5 Twitching motility of P. aeruginosa PA14 in the presence of 1037. P.
FIG 4 Bacterial swarming in the presence of 1037. Swarming was examined on
BM2-swarm plates containing 0.5% (wt/vol) agar (Difco) after incubation for
20 h at 37°C. Swarming colonies were quantified as described in Materials and
Methods. All experiments were done at least 3 times, and statistical significance
was determined using one-way ANOVA (***, P ⬍ 0.001).
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aeruginosa cells were spot inoculated on LB plates with 1% (wt/vol) agar and
increasing concentrations of 1037. Twitching motility was determined by measuring the diameter of the twitching zones after 24 h of incubation at 37°C.
Four independent experiments were performed, and statistical significance
was determined using one-way ANOVA (*,P ⬍ 0.05).
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FIG 3 Swimming motility in the presence of 1037. Swimming motility was evaluated on LB plates containing 0.3% (wt/vol) agar and different concentrations

de la Fuente-Núñez et al.

(Table 2). This indicates that the peptide is able to trigger uptake
of a normally impermeable stain, propidium iodide (usually interpreted as cell death), or release of DNA to which it binds by
acting on a target that is either selectively expressed in biofilm cells
or is underexpressed and thus more susceptible to inhibition. Table S1 in the supplemental material and Fig. 6 present a large
number of candidate genes, but given the penchant of the antimicrobial peptides to demonstrate multiple targets, including cell
membranes, cell wall biosynthesis, RNA, protein and DNA synthesis, cell division, autolytic enzymes, and inhibition of particular
enzymes (14), it is likely that such a mechanism will be quite
complex. The lack of large amounts of propidium iodide staining
DNA outside the biofilm cells suggested that the peptide might not
be inducing cell lysis but rather might be compromising the cytoplasmic membrane, as indicated by the presence of propidium
iodide inside a subset of the cells (Fig. 2).
Cationic peptides are known to be able to freely translocate
into cells (15, 49), bind to DNA in a sequence-specific manner (16,
63), and directly alter gene expression (this and LL-37 papers).
Using microarray technology and in vitro assays, it was demonstrated here that very low concentrations of 1037 affected the
development of biofilms in a variety of ways. First, flagellum-dependent swimming motility was reduced in a concentration-dependent manner (Fig. 3). Inhibition of swimming motility might
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FIG 6 Mechanism of action of antibiofilm activity. Comparison of the LL-37
and 1037 microarrays. Biofilm formation by mutants of genes downregulated
by both LL-37 and 1037 (A) and upregulated by both peptides (B). Transposon
mutants corresponding to genes dysregulated in biofilm cells by the action of
both LL-37 and 1037 were grown in polypropylene microtiter plates at 37°C
for 22 h, and residual biofilm formation was assessed by crystal violet staining
All experiments were done at least 3 times, and statistical significance was
determined using one-way ANOVA (no asterisk, P ⬎ 0.05; *, P ⬍ 0.05; **, P ⬍
0.01; ***, P ⬍ 0.001).

limit the number of bacterial cells reaching the surface, therefore
decreasing biofilm formation (3, 26, 30). Second, 1037 potently
inhibited bacterial swarming (Fig. 4), which is known (in a nutritionally conditional fashion) to impact on (55) and share (3, 42)
regulatory relationships with biofilm formation. As swarming
cells are thought to be relevant to growth on mucosal surfaces
and demonstrate increased resistance to antimicrobial agents
and overproduction of virulence factors (5, 40), the antiswarming effect of 1037 might contribute to its potential therapeutic value. Importantly, the antiswimming and antiswarming properties of 1037 were not observed with LL-37 (C. de la
Fuente-Núñez and R. E. W. Hancock, unpublished observations). Third, 1037 was found to stimulate twitching motility
(Fig. 5), a type of surface motility that promotes the disassembly of biofilm structures (45, 56).
As expected, flagellar genes were downregulated, as were genes
(nirS, norC, and nosZ) known to play a role in anaerobic biofilm
developmental process by encoding proteins involved in anaerobic respiration (53, 64). Other downregulated genes involved in
biofilm formation included the quorum-sensing-regulated gene
rhlB, which is involved in rhamnolipid production (40, 54), and
the fucose-binding lectin gene lecB, which is required for biofilm
formation (23).
Since LL-37 served as a general model for the design of peptides
culminating in 1037, we questioned whether these peptides inhibited biofilms in a similar manner. To answer this question, the
impact of 1037 on bacterial global gene expression was compared
with the LL-37 results previously reported by our lab (41). LL-37
causes upregulation of 311 genes and downregulation of 475
genes, while 1037 was found to induce the expression of 260 genes
and repress 138. However, only 10 genes were found to be downregulated by both peptides (Fig. 6A). Transposon mutants corresponding to each gene were utilized to evaluate the potential impact of decreased expression of these 10 genes on biofilm
formation. All but one of these mutants led to significant reductions in biofilm formation (Fig. 6A). Three mutants led to more
substantial biofilm deficiencies: an nirS mutant, consistent with a
role for anaerobic respiration in biofilm development (53, 64), the
flgB mutant in the flagellar basal body, and a gene encoding the
unknown ABC periplasmic transporter gene (PA2204).
On the other hand, 4 genes were upregulated by both LL-37
and 1037 (Fig. 6B). In this case, two mutants (PA3234 and
PA4454) grew significantly more biofilm than the control, consistent with a role for these proteins in suppression of biofilm formation. Indeed, a previous study showed that PA3234, a probable
sodium-solute symporter, was repressed in biofilms (60). Moreover, expression of the ABC superfamily gene yrbD (PA4454) is
known to gradually increase during biofilm formation (20). Interestingly, PA4454 was also found to be upregulated in a biofilmdeficient phoQ mutant (12). Taken together, our results indicate
that LL-37 and 1037 induce the dysregulation of relatively few
common genes, and this might imply that these dysregulated
genes likely play an active role in biofilm development that is antagonized by their dysregulation by 1037.
In conclusion, we have demonstrated a small peptide, 1037,
that improves on the previously described antibiofilm activity of
its predecessor (LL-37) and additionally is able to inhibit another
complex adaptation, swarming motility. Despite its conceptual
similarity to antimicrobial peptides, results with 1037, confirmed
by results for other peptides, clearly demonstrated that direct an-

Novel Synthetic Peptide Inhibits Bacterial Bioﬁlms

timicrobial activity and antibiofilm activity are separately determined, since 1037 had very weak activity against planktonic bacteria and inhibited biofilm production even in Burkholderia that is
completely resistant to polymyxin B and other cationic peptides.
In the process of library screening, we identified a consensus sequence (FRIRVRV) present in several peptides with antibiofilm
activity that will serve as a basis for iterative design of improved
peptides. Small cationic peptides that simultaneously target biofilms and swarming while retaining either direct antimicrobial or
immunomodulatory activities might provide the basis for a new
generation of anti-infective agents. Alternatively, the combination
of 1037 plus a second agent with antimicrobial properties could
also provide a good therapeutic strategy.

18.

19.
20.
21.
22.
23.

ACKNOWLEDGMENTS

27.

REFERENCES

28.

1. Amer LS, Bishop BM, van Hoek ML. 2010. Antimicrobial and antibiofilm activity of cathelicidins and short, synthetic peptides against Francisella. Biochem. Biophys. Res. Commun. 396:246 –251.
2. Banin E, Vasil ML, Greenberg EP. 2005. Iron and Pseudomonas aeruginosa biofilm formation. Proc. Natl. Acad. Sci. U. S. A. 102:11076 –11081.
3. Breidenstein EBM, de la Fuente-Núñez C, Hancock REW. 2011. Pseudomonas aeruginosa: all roads lead to resistance. Trends Microbiol. 19:
419 – 426.
4. Brogden KA. 2005. Antimicrobial peptides: pore formers or metabolic
inhibitors in bacteria? Nat. Rev. Microbiol. 3:238 –250.
5. Butler MT, Wang Q, Harshey RM. 2010. Cell density and mobility
protect swarming bacteria against antibiotics. Proc. Natl. Acad. Sci.
U. S. A. 107:3776 –3781.
6. Cherkasov A, et al. 2009. Use of artificial intelligence in the design of
small peptide antibiotics effective against a broad spectrum of highly antibiotic-resistant superbugs. ACS Chem. Biol. 4:65–74.
7. Davies D. 2003. Understanding biofilm resistance to antibacterial agents.
Nat. Rev. Drug Discov. 2:114 –122.
8. Easton DM, Nijnik A, Mayer ML, Hancock REW. 2009. Potential of
immunomodulatory host defense peptides as novel anti-infectives.
Trends Biotechnol. 27:582–590.
9. Fjell CD, Hiss JA, Hancock REW, Schneider G. 2012. Designing antimicrobial peptides: form follows function. Nat. Rev. Drug Discov. 11:37–51.
10. Freitag NE, Port GC, Miner MD. 2009. Listeria monocytogenes—from
saprophyte to intracellular pathogen. Nat. Rev. Microbiol. 7:623– 628.
11. Fux CA, Costerton JW, Stewart PS, Stoodley P. 2005. Survival strategies
of infectious biofilms. Trends Microbiol. 13:34 – 40.
12. Gooderham WJ, et al. 2009. The sensor kinase PhoQ mediates virulence
in Pseudomonas aeruginosa. Microbiology 155:699 –711.
13. Hancock REW, Speert DP. 2000. Antibiotic resistance in Pseudomonas
aeruginosa: mechanisms and impact on treatment. Drug Resist Updat.
3:247–255.
14. Hancock REW, Sahl HG. 2006. Antimicrobial and host-defense peptides
as new anti-infective therapeutic strategies. Nat. Biotechnol. 24:1551–
1557.
15. Hancock REW. 2010. Introduction to the theme: seeking clarity for membrane-active peptides, p 3–9. In Castanho M (ed), Membrane-active peptides: methods and results on structure and function. International University Line, La Jolla, CA.
16. He J, Furmanski P. 1995. Sequence specificity and transcriptional activation in the binding of lactoferrin to DNA. Nature 373:721–724.
17. Hilpert K, Volkmer-Engert R, Walter T, Hancock REW. 2005. High-

May 2012 Volume 56 Number 5

25.
26.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
42.
43.

aac.asm.org 2703

Downloaded from http://aac.asm.org/ on April 13, 2012 by guest

24.

This work was supported by grants from the Canadian Institutes for
Health Research and Cystic Fibrosis Canada (to R.E.W.H) and a CIHR
New Emerging Teams in Antibiotic Adjuvants award (to L.B.). R.E.W.H.
holds a Canada Research Chair in Microbiology. C.D.L.F.-N. received a
scholarship from the Fundación “la Caixa” and Fundación Canadá
(Spain). E.B.M.B. received a scholarship from CFC. S.L. holds the
Westaim-ASRA chair in Biofilm Research.
We thank the David Speert Laboratory (CFRI, Vancouver) for providing B. cenocepacia isolate 4813.

throughput generation of small antibacterial peptides with improved activity. Nat. Biotechnol. 23:1008 –1012.
Hinsa SM, Espinosa-Urgel M, Ramos JL, O’Toole GA. 2003. Transition
from reversible to irreversible attachment during biofilm formation by
Pseudomonas fluorescens WCS365 requires an ABC transporter and a large
secreted protein. Mol. Microbiol. 49:905–918.
Hoffman LR, et al. 2005. Aminoglycoside antibiotics induce bacterial
biofilm formation. Nature 436:1171–1175.
Ito A, Taniuchi A, May T, Kawata K, Okabe S. 2009. Increased antibiotic
resistance of Escherichia coli in mature biofilms. Appl. Environ. Microbiol.
75:4093– 4100.
Jacobs MA, et al. 2003. Comprehensive transposon mutant library of
Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. U. S. A. 100:14339 –14344.
Jarrell KF, McBride MJ. 2008. The surprisingly diverse ways that prokaryotes move. Nat. Rev. Microbiol. 6:466 – 476.
Johansson EM, et al. 2008. Inhibition and dispersion of Pseudomonas
aeruginosa biofilms by glycopeptide dendrimers targeting the fucosespecific lectin LecB. Chem. Biol. 15:1249 –1257.
Junker LM, Clardy J. 2007. High-throughput screens for small-molecule
inhibitors of Pseudomonas aeruginosa biofilm development. Antimicrob.
Agents Chemother. 51:3582–3590.
Kazmierczak BI, Lebron MB, Murray TS. 2006. Analysis of FimX, a
phosphodiesterase that governs twitching motility in Pseudomonas aeruginosa. Mol. Microbiol. 60:1026 –1043.
Köhler T, Curty LK, Barja F, van Delden C, Pechère JC. 2000. Swarming
of Pseudomonas aeruginosa is dependent on cell-to-cell signaling and requires flagella and pili. J. Bacteriol. 182:5990 –5996.
Kolodkin-Gal I, et al. 2010. D-Amino acids trigger biofilm disassembly.
Science 328:627– 629.
Lazova MD, Ahmed T, Bellomo D, Stocker R, Shimizu TS. 2011.
Response rescaling in bacterial chemotaxis. Proc. Natl. Acad. Sci. U. S. A.
108:13870 –13875.
Linares JF, Gustafsson I, Baquero F, Martinez JL. 2006. Antibiotics as
intermicrobial signaling agents instead of weapons. Proc. Natl. Acad. Sci.
U. S. A. 103:19484 –19489.
López D, Vlamakis H, Kolter R. 2010. Biofilms. Cold Spring Harb.
Perspect. Biol. 2:a000398.
Loutet SA, Valvano MA. 2010. A decade of Burkholderia cenocepacia
virulence determinant research. Infect. Immun. 78:4088 – 4100.
Loutet SA, Valvano MA. 2011. Extreme antimicrobial peptide and polymyxin B resistance in the genus Burkholderia. Front. Microbiol. 2:159.
Lu TK, Collins JJ. 2007. Dispersing biofilms with engineered enzymatic
bacteriophage. Proc. Natl. Acad. Sci. U. S. A. 104:11197–11202.
Mah TF, et al. 2003. A genetic basis for Pseudomonas aeruginosa biofilm
antibiotic resistance. Nature 426:306 –310.
Moore RA, Hancock REW. 1986. Involvement of outer membrane of
Pseudomonas cepacia in aminoglycoside and polymyxin resistance. Antimicrob. Agents Chemother. 30:923–926.
Moreau-Marquis S, Stanton BA, O’Toole GA. 2008. Pseudomonas
aeruginosa biofilm formation in the cystic fibrosis airway. Pulm. Pharmacol. Ther. 21:595–599.
Müh U, et al. 2006. Novel Pseudomonas aeruginosa quorum-sensing
inhibitors identified in an ultra-high-throughput screen. Antimicrob.
Agents Chemother. 50:3674 –3679.
Mulet X, et al. 2011. Antagonistic interactions of Pseudomonas aeruginosa
antibiotic resistance mechanisms in planktonic but not biofilm growth.
Antimicrob. Agents Chemother. 55:4560 – 4568.
Otto M. 2006. Bacterial evasion of antimicrobial peptides by biofilm formation. Curr. Top. Microbiol. Immunol. 306:251–258.
Overhage J, Bains M, Brazas MD, Hancock REW. 2008. Swarming of
Pseudomonas aeruginosa is a complex adaptation leading to increased production of virulence factors and antibiotic resistance. J. Bacteriol. 190:
2671–2679.
Overhage J, et al. 2008. Human host defense peptide LL-37 prevents
bacterial biofilm formation. Infect. Immun. 76:4176 – 4182.
Overhage J, Lewenza S, Marr AK, Hancock REW. 2007. Identification of
genes involved in swarming motility using a Pseudomonas aeruginosa
PAO1 mini-Tn5-lux mutant library. J. Bacteriol. 189:2164 –2169.
Patrzykat A, Zhang L, Mendoza V, Iwama GK, Hancock REW. 2001.
Synergy of histone-derived peptides of Coho salmon with lysozyme and
the flounder peptide pleurocidin. Antimicrob. Agents Chemother. 45:
1337–1342.

de la Fuente-Núñez et al.

2704

aac.asm.org

55.
56.
57.
58.
59.
60.
61.
62.

63.

64.

timing, and signal specificity of Pseudomonas aeruginosa quorumcontrolled genes: a transcriptome analysis. J. Bacteriol. 185:2066 –2079.
Shrout JD, et al. 2006. The impact of quorum sensing and swarming
motility on Pseudomonas aeruginosa biofilm formation is nutritionally
conditional. Mol. Microbiol. 62:1264 –1277.
Singh PK, Parsek MR, Greenberg EP, Welsh MJ. 2002. A component of
innate immunity prevents bacterial biofilm development. Nature 417:
552–555.
Singh PK, et al. 2000. Quorum-sensing signals indicate that cystic fibrosis
lungs are infected with bacterial biofilms. Nature 407:762–764.
Stover CK, et al. 2000. Complete genome sequence of Pseudomonas
aeruginosa PAO1, an opportunistic pathogen. Nature 406:959 –964.
Valle J, et al. 2006. Broad-spectrum biofilm inhibition by a secreted
bacterial polysaccharide. Proc. Natl. Acad. Sci. U. S. A. 103:12558 –12563.
Whiteley M, et al. 2001. Gene expression in Pseudomonas aeruginosa
biofilms. Nature 413:860 – 864.
Wiegand I, Hilpert K, Hancock REW. 2008. Agar and broth dilution
methods to determine the minimal inhibitory concentration (MIC) of
antimicrobial substances. Nat. Protoc. 3:163–175.
Yang L, Nilsson M, Gjermansen M, Givskov M, Tolker-Nielsen T. 2009.
Pyoverdine and PQS mediated subpopulation interactions involved in
Pseudomonas aeruginosa biofilm formation. Mol. Microbiol. 74:1380 –
1392.
Yonezawa A, Kuwahara J, Fujii N, Sugiura Y. 1992. Binding of tachyplesin I to DNA revealed by footprinting analysis: significant contribution of
secondary structure to DNA binding and implication for biological action.
Biochem. 31:2998 –3004.
Yoon SS, et al. 2002. Pseudomonas aeruginosa anaerobic respiration in
biofilms: relationships to cystic fibrosis pathogenesis. Dev. Cell 3:593–
603.

Antimicrobial Agents and Chemotherapy

Downloaded from http://aac.asm.org/ on April 13, 2012 by guest

44. Peschel A, Sahl HG. 2006. The co-evolution of host cationic antimicrobial peptides and microbial resistance. Nat. Rev. Microbiol. 4:529 –536.
45. Picioreanu C, et al. 2007. Microbial motility involvement in biofilm
structure formation—a 3D modelling study. Water Sci. Technol. 55:337–
343.
46. Pitts B, Hamilton MA, Zelver N, Stewart PS. 2003. A microtiter-plate
screening method for biofilm disinfection and removal. J. Microbiol.
Methods 54:269 –276.
47. Pompilio A, et al. 2011. Antibacterial and anti-biofilm effects of cathelicidin peptides against pathogens isolated from cystic fibrosis patients.
Peptides 32:1807–1814.
48. Powers JP, Hancock REW. 2003. The relationship between peptide structure and antibacterial activity. Peptides 24:1681–1691.
49. Powers JP, Martin MM, Goosney DL, Hancock REW. 2006. The antimicrobial peptide polyphemusin localizes to the cytoplasm of Escherichia
coli following treatment. Antimicrob. Agents Chemother. 50:1522–1524.
50. Prigent-Combaret C, Vidal O, Dorel C, Lejeune P. 1999. Abiotic surface
sensing and biofilm-dependent regulation of gene expression in Escherichia coli. J. Bacteriol. 181:5993– 6002.
51. Riera E, et al. 2010. Anti-biofilm and resistance suppression activities of
CXA-101 against chronic respiratory infection phenotypes of Pseudomonas aeruginosa strain PAO1. J. Antimicrob. Chemother. 65:1399 –1404.
52. Salunkhe P, et al. 2005. A cystic fibrosis epidemic strain of Pseudomonas
aeruginosa displays enhanced virulence and antimicrobial resistance. J.
Bacteriol. 187:4908 – 4920.
53. Sauer K, Camper AK, Ehrlich GD, Costerton JW, Davies DG. 2002.
Pseudomonas aeruginosa displays multiple phenotypes during development as a biofilm. J. Bacteriol. 184:1140 –1154.
54. Schuster M, Lostroh CP, Ogi T, Greenberg EP. 2003. Identification,

