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Multidrug-resistant Pseudomonas aeruginosa is a major cause of severe hospital-acquired infections. Currently, polymyxin B
(PMB) is a last-resort antibiotic for the treatment of infections caused by Gram-negative bacteria, despite its undesirable side
effects. The delivery of drug combinations has been shown to reduce the required therapeutic doses of antibacterial agents and
thereby their toxicity if a synergistic effect is present. In this study, we investigated the synergy between two cyclic antimicrobial
peptides, PMB and gramicidin S (GS), against different P. aeruginosa isolates, using a quantitative checkerboard assay with res-
azurin as a growth indicator. Among the 28 strains that we studied, 20 strains showed a distinct synergistic effect, represented by
a fractional inhibitory concentration index (FICI) of <0.5. Remarkably, several clinical P. aeruginosa isolates that grew as small-
colony variants revealed a nonsynergistic effect, as indicated by FICIs between >0.5 and <0.70. In addition to inhibiting the
growth of planktonic bacteria, the peptide combinations significantly decreased static biofilm growth compared with treatment
with the individual peptides. There was also a faster and more prolonged effect when the combination of PMB and GS was used
compared with single-peptide treatments on the metabolic activity of pregrown biofilms. The results of the present study define
a synergistic interaction between two cyclic membrane-active peptides toward 17 multidrug-resistant P. aeruginosa and biofilms
of P. aeruginosa strain PAO1. Thus, the application of PMB and GS in combination is a promising option for a topical medica-
tion and in the prevention of acute and chronic infections caused by multidrug-resistant or biofilm-forming P. aeruginosa.

Pathogenic Gram-negative Pseudomonas aeruginosa possesses
both intrinsic and adaptive resistance toward many currently

available antibiotics and causes infections that are effectively un-
treatable (1–3). P. aeruginosa “superbugs” are resistant to fluoro-
quinolones, expanded-spectrum cephalosporins, carbapenems,
aminoglycosides, and in a few cases, even polymyxins, a last-resort
class of antibiotics used to treat P. aeruginosa infections (4–7).
One important mechanism for the intrinsic antibiotic resistance
of Gram-negative pathogens, especially multidrug-resistant
(MDR) P. aeruginosa clinical isolates, is their ability to efflux an-
tibacterial agents via tripartite efflux pumps located in the inner
and outer membranes, a mechanism that limits the access of the
drug to intracellular targets (8). However, the overexpression of
the P. aeruginosa efflux pump protein MexAB was unable to con-
fer resistance to the host defense peptides (HDPs) cathelicidin
LL-37 and defensins (9). One way in which pathogens acquire
adaptive resistance to positively charged antimicrobial peptides is
to modify lipid A by substitution with aminoarabinose (6). The
emergence of drug-resistant P. aeruginosa strains, which exhibit
increased MICs even for polymyxin B (PMB) (10), requires the
development of effective dual- and triple-drug combinations for
medical treatment of these infections (7, 11). Despite the high
effectiveness of polymyxins, the neuro- and nephrotoxicity asso-
ciated with this treatment, especially during intravenous admin-
istration, increase the risk of using this drug (12, 13). However,
daily subcutaneous administration of polymyxins resulted in de-
creased nephrotoxicity (14, 15), and inhaled polymyxin E, better
known as colistin, showed no adverse effects (16). Because the
bactericidal effect of PMB is concentration dependent (17), the
synergistic effect of combination therapies can simultaneously en-
hance the effectiveness and reduce the required therapeutic doses
of antibacterial agents. In a previous study, we demonstrated a

synergistic effect of PMB and gramicidin S (GS) with silver nano-
particles against Gram-negative bacteria (18).

Another critical factor in chronic infections caused by P.
aeruginosa is its ability to form highly drug-tolerant biofilms, lead-
ing to up to 1,000-fold-higher MICs for conventional antibiotics
(3, 19, 20). Biofilm formation has been documented for P. aerugi-
nosa strains isolated from patients with cystic fibrosis (21). There-
fore, we aimed to study the synergistic effect of two membrane-
active peptides on resistant P. aeruginosa strains grown both as
planktonic cells and in biofilms. PMB and GS are cyclic nonribo-
somal peptides produced by the spore-forming soil bacteria
Paenibacillus polymyxa (22, 23) and Aneurinibacillus migulanus
(24, 25), respectively (Fig. 1). These peptides possess partial selec-
tivity to Gram-negative (PMB) and Gram-positive (GS) bacteria
because they target the outer or/and the inner bacterial mem-
branes, respectively. PMB interacts specifically with the lipopoly-
saccharide (LPS) layer in the outer membrane of Gram-negative
bacteria, in particular with phosphate groups on lipid A and the
LPS core (26). Owing to these interactions, the divalent cations
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Ca2� and Mg2�, which stabilize the integrity of the outer mem-
brane, are replaced, which leads to destruction of the cell wall. The
main target of GS is the inner prokaryotic membrane; therefore,
this peptide is highly active against the Gram-positive bacteria
Staphylococcus spp., Streptococcus spp., Enterococcus spp. (27), Mi-
crococcus luteus, Mycobacterium vaccae (28), and Mycobacterium
phlei (our unpublished data). However, our transmission electron
microscopy images revealed that membrane protrusions were
formed in Escherichia coli upon exposure to supra-MIC of GS (40
�g/ml) (29). In contrast to GS, PMB killed P. aeruginosa before the
depolarization-inducing concentration was reached (30). How-
ever, the detailed mechanisms used by both peptides to cause bac-
terial death have not been entirely defined.

MATERIALS AND METHODS
Bacterial strains. E. coli strains DSM 1103 (ATCC 25922) and DSM 1116
(ATCC 9637), P. aeruginosa strain DSM 1117 (ATCC 27853), Aeromonas
bestiarum strain DSM 13956T (ATCC 51108T), Staphylococcus aureus
strain DSM 1104 (ATCC 25923), and Staphylococcus epidermidis strain
DSM 1798 (ATCC 12228) were purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ). P. aeruginosa PAO1 wild-
type strain (mexAB�) was a kind gift from Terry Beveridge (Department
of Molecular and Cellular Biology, University of Guelph, Ontario, Can-
ada). The following clinical isolates of P. aeruginosa were obtained from
the group of Susanne Häussler: 5497, 5517, 5520, 5521, 5522, 5523, 5524,
5525, 5529, and 5530. The susceptibility of five of these isolates (5497,
5520, 5522, 5524, and 5529) to ceftazidime, ciprofloxacin, meropenem,
and tobramycin was previously studied using the broth microdilution
assay (31). The MICs for ciprofloxacin, imipenem, and tobramycin for the
additional five isolates were determined in this study using the modified
broth microdilution assay (32). A disk diffusion susceptibility assay on
Mueller-Hinton (MH) agar (10) with antibiotic disks from Mast Diagnos-
tica (Reinfeld, Germany) was performed with all 10 isolates and with the
DSM 1117 and PAO1 strains using the following antibiotics: 300 U of
PMB, 10 �g of gentamicin, 5 �g of ciprofloxacin, 10 �g of imipenem, 30
�g of ceftazidime, 30 �g of aztreonam, 30 �g of amikacin, and 100/10 �g
of piperacillin-tazobactam. The other P. aeruginosa isolates (49, 55, 56, 59,
910, 911, 912, 913, 914, 965, 966, 967, 968, 969, and 987) were enriched
from clinical wastewater compartments (33). Their susceptibility to anti-
biotics was studied using the same disk diffusion assay, with the following
antibiotics: 10 �g of gentamicin, 5 �g of ciprofloxacin, 10 �g of imi-
penem, 10 �g of ceftazidime, 20 �g of amikacin, 30 �g of azlocillin, and
30/10 �g of piperacillin-tazobactam. The criteria for determining resis-

tant, intermediate, and sensitive strains were as defined using CLSI rec-
ommendations (10). Table 1 indicates the resistance of the P. aeruginosa
strains to different antibiotics. MDR strains were characterized as those
possessing resistance to at least one agent in three or more antimicrobial
categories (34).

Standard procedure for preparing the inocula. It is well-known that
bacterial susceptibility to antibiotics depends on their growth phase and
growth rate. To obtain a standard inoculation material from the bacterial
strains, which were maintained at �80°C using the Cryobank system
(Mast Diagnostica, Reinfeld, Germany), bacterial cells on single beads
were recovered in 10 ml of MH broth (Becton, Dickinson and Co., Sparks,
MD, USA) in an overnight incubation at 37°C and 200 rpm. Single colo-
nies were obtained by streaking these cultures on LB-Lennox agar plates,
which were then stored at 4°C. Subsequently, the colonies were used to
inoculate 10 ml of MH broth to an optical density at 550 nm (OD550) of
0.02, and the cultures were grown overnight. The test cultures were pre-
pared by inoculating 10 ml of MH medium to an OD550 of 0.2 with the
overnight cultures and allowing them to grow until the bacteria reached
the mid-exponential phase. For the synergy tests, the test cultures were
diluted immediately prior to the experiment in MH broth to obtain final
inoculation doses of 5 � 105 CFU/ml.

Checkerboard assay. PMB was purchased from Sigma-Aldrich (St.
Louis, MO, USA). GS was produced in-house by fermentation of A. migu-
lanus strain DSM 5759 cultures, extracting GS from bacterial cells, puri-
fying it by high-performance liquid chromatography (HPLC), and finally
lyophilizing the drug (25). To generate stock solutions, PMB was dis-
solved in water, and GS, due to its low water solubility at concentrations of
�240 �g/ml (35), was dissolved in 50% (vol/vol) ethanol. For broth mi-
crodilution, we used the not-cation-adjusted MH broth (BD Diagnostic
Systems, Sparks, MD, USA) as recommended for the testing of cationic
antimicrobial peptides (AMPs) (36). To set up the assay, 40 �l of double-
concentrated MH broth and 40 �l of the peptide stock solutions were
mixed in the upper wells of 96-well microtiter plates (Nunclon; Nunc
GmbH & Co., Wiesbaden, Germany). For further peptide dilution, 40 �l
of ordinary MH broth was added to the rest of the wells. GS was 2-fold
serially diluted down the rows of the plate, and PMB was diluted in sepa-
rate plates and then added to the test plate across the columns. The result-
ing checkerboard contained each combination of the two peptides in 7
doubly increasing concentrations, with wells containing the highest con-
centration of each antibiotic at opposite corners. As seen in Fig. 2, both the
row and column with no GS or PMB contained only one drug and were
prepared to evaluate the MIC of each antimicrobial alone in the same
plate. Column pc was used as a positive growth control without drugs. All
wells containing 80 �l of MH medium with single peptides or a combina-

FIG 1 Primary peptide structures of lipopeptide polymyxin B (A) and cyclic decapeptide gramicidin S (B).
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tion of peptides were inoculated with 20 �l of the bacterial suspension.
The wells of column nc, containing 100 �l of MH medium, served as a
sterility control. The plates were incubated at 37°C under static condi-
tions. To determine the respiratory activity of the bacteria, after 22 h of
incubation, 20 �l of sterile 0.9 mM resazurin (a redox indicator) was
added to the wells, and the plate was incubated for an additional 2 h. The

reduction of the 0.15 mM resazurin to resorufin was measured with a
microplate reader (FlashScan 550; Analytik Jena GmbH, Jena, Germany),
which measures the whole absorption spectrum from 400 to 900 nm. The
absorption values of resazurin (blue oxidized form) at 600 nm and ab-
sorption of resorufin (pink reduced form) at 570 nm were utilized to
calculate differences in the absorption for each well, using the WinFlash
program. In this analysis, negative absorption difference values indicated
the absence of bacterial growth (Fig. 2). The MIC is defined as the lowest
concentration of antibiotic that completely inhibits bacterial growth. The
synergistic interactions were expressed as the fractional inhibitory con-
centration index (FICI), which is calculated as the sum of MICs of the
combination (MICc) divided by the MICs of the peptides alone (MICa):
FICI � (PMB MICc/PMB MICa) � (GS MICc/GS MICa). The mean FICIs
and standard deviations were calculated from the results from at least five
independent experiments performed with each bacterial strain. A syner-
gistic effect was defined at an FICI of �0.5 and a nonsynergistic effect at an
FICI between �0.5 and �4 (37).

Prevention of P. aeruginosa PAO1 static biofilm formation. The
formation of static biofilms was studied in 96-well microtiter plates (Nun-
clon; Nunc GmbH & Co., Wiesbaden, Germany). In each well, 80 �l of
MH broth (BD Diagnostic Systems, Sparks, MD, USA) containing single
peptides or a combination of peptides was inoculated with 20 �l of a
bacterial suspension at an OD550 of 0.1 (108 CFU/ml) from the overnight
cultures. The plates were incubated at 37°C under static conditions for 24
h to allow biofilm formation. The medium was aspirated to remove plank-
tonic cells, the wells were washed with water, and the formation of sessile
biofilms was evaluated by crystal violet (CV) staining, as described previ-
ously (38). Briefly, 125 �l of CV solution (0.1% [wt/vol]) was transferred
to each well. The plates were incubated for 10 min at room temperature
and washed twice with water to remove excess dye. After drying the sam-
ples for 10 min, 200 �l of ethanol (95% [vol/vol]) was added to the wells
to dissolve the dye. The plates were incubated for 20 min at room temper-
ature (RT), and the intensity of CV at 595 nm was measured on the plate
reader. The mean values obtained for the negative controls were sub-
tracted from the results of the test wells. Student’s t test P values were
calculated from the average results from two independent experiments,
each performed in triplicate.

Resazurin assay with P. aeruginosa PAO1 pregrown biofilm cells. In
order to investigate the effect of PMB and GS on sessile P. aeruginosa cells,
we performed a modified resazurin assay with pregrown biofilms in 96-

TABLE 1 Resistance of studied P. aeruginosa strains to antibacterial
agents

Strain Resistance profilea

DSM 1117 Susceptibleb

PAO1 Susceptible, MDEc

49 GENr CIPr IPMr CAZr AMKr AZLr TZPr

55 GENr CIPr IPMr CAZr AMKr AZLr TZPr

56 GENr CIPr IPMr CAZr AMKr AZLr TZPr

57 GENr CIPr IPMr CAZr AZLr TZPr

59 GENr CIPr IPMr CAZr AMKr AZLr TZPr

910 GENr CIPr IPMr CAZr AZLr

911 GENr CIPr IPMr CAZr AZLr

912 GENr CIPr IPMr CAZr

913 GENr CIPr IPMr CAZr AZLr TZPr

914 GENr CIPr IPMr

965 CIPr IPMr AZLr TZPr

966 CIPr IPMr AZLr TZPr

967 CIPr IPMr AZLr TZPr

968 CIPr IPMr AZLr TZPr

969 CIPr IPMr AZLr TZPr

987 CIPr IPMr AZLr TZPr

5497 Susceptible
5517 MEMr CIPr TOBr

5520 Susceptible
5521 MEMr CIPr TOBr

5522 PMBrc GENr TOBr

5523 Susceptible
5524 Susceptible
5525 MEMr CIPr TOBr

5529 TOBr

5530 CIPr TOBr

a GEN, gentamicin; CIP, ciprofloxacin; IPM, imipenem; CAZ, ceftazidime; AMK,
amikacin; AZL, azlocillin; TZP, piperacillin-tazobactam; ATM, aztreonam; MEM,
meropenem; TOB, tobramycin; PMB, polymyxin B.
b Susceptibility to conventional antibiotics was tested for all strains in the disk diffusion
assay, but additionally, the MICs were determined for the clinical isolates 5497, 5517,
5520, 5521, 5522, 5523, 5524, 5525, 5529, and 5530 in this study or in Müsken et al.
(31).
c Multidrug efflux (MDE) pump proteins were found in the PAO1 strain (69).
c Resistance to PMB was shown only in the synergy assay (MIC, 8 �g/ml), not in the
disk diffusion assay.

TABLE 2 Preliminary results of the PMB-and-GS combination
treatments on different Gram-negative and Gram-positive bacteria

Bacterial strain

MIC (�g/ml) for peptide:

FICI

Alone
In
combination

GS PMB GS PMB

A. bestiarum DSM 13956T 4 2 1 1 0.625
E. coli DSM 1103 16 0.5 4 1 2.250
E. coli DSM 1116 32 1 8 0.5 0.750
P. aeruginosa DSM 1117 32 4 4 1 0.375
S. aureus DSM 1104 2 8 1 1 0.625
S. epidermidis DSM 1798 1 8 1 2 1.250

FIG 2 Evaluation of a checkerboard assay in the 96-well microtiter plate. The
two rightmost columns contain the positive growth control (pc) and negative
growth control (nc) to confirm bacterial growth without peptides and medium
sterility, respectively. The green and blue circles show the peptide MICa. The
red circle indicates the antibiotic combination that resulted in a synergistic
effect on P. aeruginosa strain 55, for which the FICI calculation should be [1/4
� 4/32] � 0.375.
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well plates. P. aeruginosa PAO1 overnight cultures were diluted to 106

CFU/ml (OD600, 0.001) in MH broth (Merck, Darmstadt, Germany) and
used for the inoculation of polystyrene microtiter plates (100 �l/well).
Biofilms were grown for 24 h at 37°C under static conditions. After two
washes with 150 �l of MH medium, antibiotics (8 �g/ml PMB and 32
�g/ml GS), alone or in combination, and resazurin (0.1 mM final concen-
tration) were added to the wells in a total volume of 150 �l, and the
samples were incubated for an additional 7 h at 37°C. MH medium sup-
plemented with 1% ethanol (vol/vol) served as a negative control, because
the antibiotic stock solutions were dissolved in 50% (vol/vol) ethanol. At
the indicated time points, 100 �l of the samples was transferred to a new
96-well microtiter plate, and the amount of reduced resazurin (resorufin)
was determined by measuring the absorbance at 560 nm. Residual
amounts of oxidized resazurin were quantified by measuring the absor-
bance at 620 nm, and corrected A560 values (AR560) were calculated using
the following formulas from the manual for the alamarBlue assay (Life
Technologies; version 1.1 PI-DAL1025-1100): AR560 � A560 � (A620 �
RO) and RO � AO560/AO620, where A560 and A620 are the sample absor-
bances and AO560 and AO620 are the absorbances of MH broth containing
0.1 mM resazurin. Mean values and standard deviations were calculated
from the results from three independent experiments, each performed in
triplicate. Statistical analysis was done by the Mann-Whitney test.

RESULTS
Evaluation of PMB and GS synergy in checkerboard assays. Our
preliminary study on different Gram-negative and Gram-positive
bacterial strains using the checkerboard assay identified combina-
tions of PMB and GS that exerted synergistic or nonsynergistic
effects on bacteria. The FICIs indicated that PMB-and-GS combi-
nations had a distinct synergistic effect on P. aeruginosa strain
DSM117 only (Table 2). A nonsynergistic effect (FICI, �0.5
and � 1) was obtained for A. bestiarum DSM 13956T, E. coli DSM
1116, and S. aureus DSM 1104, and for the other E. coli DSM 1103
strain, which is often used as a control strain to measure the anti-
microbial activity of antibiotics, or the S. epidermidis strain DSM
1798 (FICI, �1).

Next, in follow-up experiments, we aimed to investigate the
effect of combining PMB and GS on 28 different P. aeruginosa
strains. The MIC of PMB for most strains is 4 �g/ml (intermediate
resistant). However, a MIC of 8 �g/ml (resistant) was found for P.
aeruginosa strain 5522, and P. aeruginosa strains 914, 5497, 5521,
5524, and 5530 were affected by a MIC of only 2 �g/ml (suscepti-
ble). The MIC for GS was significantly higher, generally 16 to 32
�g/ml, but for the strains isolated from the clinical wastewater
compartments, it was 32 to 64 �g/ml.

When the bacteria were treated with combinations of the pep-
tides, we observed a 3- to 4-fold decrease in MICs for PMB and GS.
The absolute values decreased from 2 to 8 �g/ml to 0.25 to 1 �g/ml
for PMB and from 16 to 64 �g/ml to 2 to 8 �g/ml for GS. This
decrease in effective inhibitory concentrations was calculated as
an FICI and indicated a distinct synergy for 71.4% of the all stud-
ied strains and 68% of the MDR P. aeruginosa strains, with mean
FICIs of �0.5 (Fig. 3). Remarkably, FICIs of �0.5 but �0.70 were
observed for the 5521, 5522, 5524, and 5530 clinical isolates of P.
aeruginosa, which revealed an adaptive colony morphological
phenotype known as a small-colony variant (Fig. 3). This mor-
phological phenotype plays an important role in chronic infec-
tions, the appearance of which is correlated with antimicrobial
chemotherapy (39). The standard deviations of the FICIs ob-
tained for several strains (P. aeruginosa 56, 59, 913, 987, 5517,
5522, and 5524) were as high as 0.2, which is presumably due to
the phenotypic instability of P. aeruginosa and the high physiolog-

ical divergence of some strains in general. For example, we ob-
served that P. aeruginosa 5497 is dissociated into two circular col-
ony phenotypes with diameters of 1 to 2 mm or �0.1 mm. P.
aeruginosa DSM 1117 dissociated into two colony phenotypes:
large colonies that were 4 to 5 mm in diameter and possessed
undulating margins and circular colonies of 1 to 2 mm in diame-
ter. The other strains grew on LB agar plates in circular colonies of
2 to 3 mm in diameter.

The checkerboard assays for the 26 MDR P. aeruginosa clinical
isolates, biofilm-forming P. aeruginosa PAO1 strain, and control
strain DSM 1117 were performed in at least five independent ex-
periments, or up to 11 times in the case of two different pheno-
types of P. aeruginosa DSM 1117. However, the results for both of
the P. aeruginosa DSM 1117 phenotypes showed the same diver-
gence and are presented in Fig. 3 as one result.

Synergistic effect on the formation of static biofilms. Given
that the combination of PMB and GS showed a synergistic effect
on the growth of planktonic P. aeruginosa PAO1 cells, we contin-
ued our study to evaluate whether the PMB-and-GS combination
treatments could prevent biofilm formation. The concentration of
PMB alone required to inhibit biofilm formation by P. aeruginosa

FIG 3 The mean FICIs for 28 different strains and clinical isolates of P. aerugi-
nosa (Pa), with standard deviations calculated from the results from at least
five independent experiments. The first 11 strains showed an FICI of �0.5 (A),
and the next 9 strains revealed an FICI of 0.5 that indicated a distinct syner-
gistic effect of the PMB-GS combination toward these 20 strains. (C) FICIs in
this group of P. aeruginosa clinical isolates are �0.5 and showed a nonsyner-
gistic effect. The standard deviations of the FICIs for the strains P. aeruginosa
56, 59, 913, 987, 5517, 5522, and 5524 as high as 0.2 indicated the high physi-
ological variability within these strains.
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PAO1 was 8 �g/ml (Fig. 4A). GS was less effective and required a
concentration of 32 �g/ml to prevent P. aeruginosa PAO1 biofilm
formation (Fig. 4B). Treatment with the two peptides together
decreased the effective peptide concentrations required, from 8
�g/ml for PMB alone to 2 �g/ml in combination and from 32
�g/ml for GS alone to 4 �g/ml in combination (Fig. 4C). The FICI
calculated from this decrease is 0.375, which indicates a synergistic
effect of this treatment.

Synergistic effect of the GS-and-PMB combination on the
growth of pregrown PAO1 biofilms. In addition to the staining of
biofilm biomass with crystal violet, we monitored the respiratory
activity of pregrown P. aeruginosa PAO1 biofilms treated with
PMB (8 �g/ml) and GS (32 �g/ml) alone or in combination over
time, using resazurin as a redox indicator. The peptide concentra-
tions utilized were the MICs for biofilm growth previously deter-
mined for each peptide in the crystal violet biofilm assay (Fig. 4).
Given that peptide stock solutions were prepared in 50% ethanol
(vol/vol), the test wells and control wells contained residual etha-
nol concentrations of 1% (vol/vol), which did not affect bacterial
growth, as verified by resazurin reduction (data not shown).

In experiments with pregrown biofilms, the respiratory activity
of cells treated either with GS or PMB alone after 7 h of incubation
was comparable to that of the control cultures without peptides.
However, significantly lower AR560 values (P � 0.001, Mann-
Whitney test) were exhibited by biofilms treated with a combina-
tion of PMB and GS (Fig. 5).

When the biofilms were treated with GS alone, a nearly linear
increase of resazurin reduction up to an AR560 of 1.1 was observed
during the incubation time. This was comparable to that of the
control cultures and indicated that GS treatment alone did not
impair P. aeruginosa biofilm growth. In contrast, when GS and
PMB treatments were combined, the AR560 values increased only
during the first 3 h of incubation before reaching a plateau be-
tween 0.4 and 0.5. Treatment with PMB alone led to a continuous
increase in redox activity during the first 5 h of incubation, result-
ing in AR560 values around 1.3, which were even higher than those
of the control cultures. However, between 5 and 7 h of incubation,
the amount of reduced resazurin increased only slightly, indicat-
ing that PMB inhibited bacterial growth at these time points. In
summary, the combined treatment of pregrown P. aeruginosa

PAO1 biofilms with PMB and GS at concentrations of 8 �g/ml
and 32 �g/ml, respectively, led to a considerably faster inhibition
of bacterial respiratory activity than the application of the peptides
alone, whereby GS alone did not exert any lethal effect, and it
appears that PMB actually triggered bacterial growth at early time
points.

DISCUSSION

There are important clinical questions about how to treat P.
aeruginosa infections, such as the possible benefits of combina-
torial antimicrobial treatments versus monotherapies, which
have to be answered (1). The majority of synergy studies have
delineated the effect of combining conventional antibiotics or
combining conventional antibiotics with antimicrobial pep-
tides. In the case of peptide combinations, synergy occurs be-
cause there is better intracellular uptake of conventional anti-
biotics that subsequently have bactericidal effects (40, 41). For
example, combining PMB with meropenem, amikacin, or ri-
fampin was partially effective against extremely drug-resistant
P. aeruginosa isolates (7). PMB and doxycycline combinations re-
sulted in a �4-fold decrease in the MIC of PMB for resistant
carbapenemase-producing Klebsiella pneumoniae (42). It was
shown that PMB exerted a synergistic anti-P. aeruginosa effect in
combination with chlorhexidine, another membrane-active com-
pound (43). Even the antifungicidal effect of fluconazole against
Cryptococcus and Candida species was higher in combination with
PMB (44). Here, we studied the combination of two antimicrobial
peptides, which target different membrane structures in the cell
walls of Gram-negative bacteria. Additionally, both PMB and GS
may prevent bacterial growth by disturbing the integrity and func-
tion of bacterial membrane proteins. Both peptides may directly
inhibit membrane-associated respiratory proteins, such as the al-
ternative bacterial NADH dehydrogenase isolated from Mycobac-

FIG 4 The inhibitory effect of PMB or GS alone and in combination on the
formation of P. aeruginosa PAO1 biofilms. Shown are the effect of PMB alone
(A), the effect of GS alone (B), and the synergistic effect of PMB and GS in
combination (C). Biofilms were quantified by crystal violet staining, and the
absorbance at 595 nm was measured. The mean values obtained for negative
controls were subtracted from the results for the test wells. Student’s t test P
values (*, P � 0.05; **, P � 0.01) were calculated for the average values from
two independent experiments, each performed in triplicate.

FIG 5 PMB-and-GS combination treatment of pregrown P. aeruginosa PAO1
biofilms in comparison to treatment with these peptides alone. P. aeruginosa
PAO1 biofilms were grown for 24 h in 96-well plates following the addition of
PMB (8 �g/ml; closed squares), GS (32 �g/ml; closed triangles), or a combi-
nation of both peptides (open circles) and 0.1 mM resazurin, a redox indicator.
Control wells (closed circles) contained 1% ethanol (vol/vol), because peptide
stock solutions were prepared in 50% ethanol, resulting in final ethanol con-
centrations of 1% (vol/vol). At the indicated time points, resazurin reduction
was quantified by measuring the absorbance at 560 nm. The figure shows
means and standard deviations for the results of three independent experi-
ments, each performed in triplicate.
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terium smegmatis, P. aeruginosa, and Gluconobacter oxydans.
Whereas GS inhibits cytochrome bd quinol oxidase from E. coli,
PMB was active against malate:quinone oxidoreductase from M.
smegmatis and P. aeruginosa (45). Additionally, GS treatment
caused the delocalization of some peripheral membrane proteins,
such as the lipid II biosynthesis protein MyrG, the cell division
regulator protein MinD, and the respiration protein cytochrome c
(46). Thus, it is likely that if GS could more easily access the plasma
membranes of Gram-negative cells, its effect on bacterial vitality
would be significant.

We used a quantitative version of the checkerboard assay, in
which bacterial growth was indicated by the sensitive redox indi-
cator resazurin. This modification allowed us to better distinguish
even slight growth differences, such as that from 5 � 105 to 5 � 106

CFU/ml, which cannot be detected by the naked eye. For each
strain, the standard deviations of the FICIs were calculated for
more than five independent experiments, which is in accordance
with the requirements for synergy testing (47). Recently, distinct
synergy was defined as an FICI of �0.5, and a nonsynergistic effect
was defined as an FICI of between 0.5 and 4. However, previous
papers demonstrated the mathematics of synergy and presented
the pitfalls of using an FICI of �1 to define synergy (48, 49). Our
results showed a range of FICIs between 0.36 and 0.70. At least 20
of the strains studied met the standard requirements of having an
FICI of �0.5, which indicated distinct synergy. Among these 20
strains were 17 multidrug-resistant clinical isolates that showed a
synergistic effect (Table 1). For isolate 5522, we even obtained
resistance to PMB (MIC, 8 �g/ml) in the checkerboard dilution
assay. In the disk diffusion assay, all strains were susceptible to
PMB because of the diffusion peculiarities of positively charged
molecules in MH agar. For the clinical isolates that grew as small-
colony variants (5521, 5522, 5524, and 5530), the FICIs were
mostly �0.5 and �0.70 (Fig. 3). Seven strains (56, 59, 913, 987,
5517, 5522, and 5524) showed the most divergent results (stan-
dard deviations from 0.16 to 0.2), which indicated their high in-
trinsic physiological variability. Since only two of them (5522 and
5524) are small-colony variants, the phenotypic variations could
not be a single reason for this deviation.

The advantage of the checkerboard dilution assay is its relative
ease of use. One disadvantage noted during testing was that some
bacteriostatic concentrations had not been validated in clinical
trials (21). However, it is well-known that the mode of action of
both antimicrobial peptides PMB and GS is associated with a bac-
tericidal effect (11, 29). In addition to depolarization, presumably
via the formation of a short-term pore at sub-MICs (50), all ATP-
dependent processes should be indirectly affected by GS, as it has
a high affinity for ATP (51). Using scanning and transmission
electron microscopy, we showed that even sub-MICs of GS were
able to upset the osmoregulatory properties of E. coli cells that
were exposed to the peptides for 1 h (29).

Standardization of growth conditions, especially for the clini-
cal isolates, is a critical requirement for determining MICs and the
corresponding synergy effects. Visual determination of growth
can lead to the omission of slow bacterial growth, which was over-
come in our studies by using the redox indicator resazurin. In
addition, alterations in Mg2� concentrations can also impact the
MIC or synergy values. It was demonstrated previously that the
MIC of PMB for PAO1 is strongly dependent on the presence of
divalent cations in the defined minimal medium with glucose and
that MICs ranged from 16 �g/ml at low (20 �M) Mg2� concen-

trations to 1 �g/ml at high (2 mM) Mg2� concentrations (6). The
increased resistance at low Mg2� concentrations was explained by
a cell response resulting in aminoarabinosylation of the lipid A
moiety and a loss of negative charges (5). A similar effect of Mg2�

and Ca2� ions on the lytic activity of GS was observed for Micro-
coccus lysodeikticus protoplasts (52). In our experiments, MH
broth was not supplemented with Mg2� and Ca2� salts, according
to recommendations for AMPs (36), which might explain the in-
termediate resistance (MIC, 4 �g/ml) to PMB observed for the
majority of the studied strains. Remarkably, the concentrations of
divalent cations, such as Mg2� and Ca2�, determined in four dif-
ferent brands of MH broth, were different (53). Therefore, the
cationic specification mentioned by the suppliers might be very
useful for the determination of the MICs of AMPs.

In this study, we focused on the synergistic activity of PMB-
and-GS combination treatment of P. aeruginosa isolates growing
both in planktonic and biofilm states. MDR P. aeruginosa causes
relapsing and persistent lung and skin infections and medical im-
plant-related infections, which usually contain biofilms. With re-
gard to the molecular structure, the antibiofilm mechanism of
cyclic antimicrobial peptides (AMPs) and 	-helical HDPs seems
to be different (54). Biofilm suppression by application of AMPs
can be achieved in three ways, namely: (i) reduction in the plank-
tonic population, (ii) prevention of the initial adhesion of cells to
the surface, and (iii) removal of the established biofilm (55). Hu-
man HDP LL-37 and the bovine neutrophil peptide indolicidin
were able to prevent P. aeruginosa PAO1 biofilm formation at
subinhibitory concentrations by downregulating the genes essen-
tial for cell attachment and biofilm formation (56). Our data in-
dicate that combination treatment with the cyclic bacterial AMPs
PMB and GS was effective for the prevention of biofilm formation,
presumably due to a reduction in the initial planktonic popula-
tion, considering the bactericidal action of these peptides.

It is known that the extent of biofilm clearance also depends on
the medium composition. The MIC of PAO1 biofilm was higher at
low Mg2� concentrations (20). Biofilm maturation is another
point that can impact eradication results. “Young” biofilms were
more sensitive to attack by neutrophils than were mature biofilms
(57). Our testing of PMB and GS activity against pregrown bio-
films showed that a strong inhibition of respiration occurred only
when biofilms were treated with PMB and GS in combination, but
not if the peptides were applied separately. These results suggest
that PMB enables better translocation of GS through the outer
membrane of P. aeruginosa, which is an additional barrier block-
ing GS access to the inner membrane (58).

The lipopeptide PMB remains a last-resort antibiotic in the
treatment of Gram-negative infections, despite its associated
nephro- and neurotoxicity. Medical use of GS is limited to topical
application, due to its hemolytic activity. However, hemolytic ac-
tivity depends on the buffer system, peptide solvent, hematocrit
concentration in the reaction sample, incubation time, and health
state of the donor. The hemolytic concentrations obtained for GS
were 10 to 39 �g/ml, which correspond to 11 to 35 �M (59–62).
Some chemically synthesized GS derivatives with high antibacte-
rial and low hemolytic activity (62, 63) could be utilized in place of
the natural GS for applications other than topical, but a subse-
quent study will be necessary.

Surprisingly, the cytotoxicity of the human HDP LL-37 was
comparable to that of GS at similar concentrations of 13 to 25 �M
(64). Similar hemolytic properties of LL-37 suggest that hemolytic
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activity does not play a significant role upon direct application of
AMPs to the site of infection. Topical application is suitable for
several different diseases, especially when parenteral application
of conventional antibiotics may lead to the dysfunction of the
natural intestinal microbiota and have a negative impact on the
status of a patient. PMB and GS alone were successfully adminis-
tered directly to the respiratory tracts of critically ill patients (16,
65, 66). Recently, it was shown that P. aeruginosa is a part of nor-
mal human skin microbiota (67). When the integument is com-
promised, skin bacteria are able to gain access to underlying tis-
sues where the conditions are optimal for colonization and
growth. P. aeruginosa and S. aureus were among the most com-
mon organisms isolated from both acute and chronic wounds of
various etiologies, demonstrating their prevalence (68). In vitro
evaluation of PMB-and-GS combination treatments against MDR
P. aeruginosa strains showed mostly a 4-fold reduction in the
MICs for both antibiotics, which indicates a synergistic effect.
Considering all infection types, such as skin infections, including
wounds, intratissue, lung, and medical device infections, which
are especially common after surgical procedures, it may be pref-
erential to prevent these by topical application of the bactericidal
peptides PMB and GS to avoid subacute and chronic infections
and to prevent more serious diseases. GS activity toward S. aureus
might provide an additional positive impact, especially in the case
of polymicrobial wound infections resulting from P. aeruginosa
and S. aureus. PMB-and-GS combination treatment administered
as an aerosol, irrigation, or dressing may be successfully used in
pulmonology, dermatology, and surgery/traumatology to treat
acute and chronic postsurgery infections.
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