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The emergence of multidrug-resistant (MDR) microorganisms makes it increasingly difficult to treat infec-
tions. These infections include those associated with Pseudomonas aeruginosa, which are hard to eradicate,
especially in patients with a compromised immune system. Naturally occurring membrane-active cationic
antimicrobial peptides (CAMPs) serve as attractive candidates for the development of new therapeutic agents.
Amphibian skin is one of the richest sources for such peptides, but only a few studies on their in vivo activities
and modes of action have been reported. We investigated (i) the activity and mechanism underlying the killing
of short CAMPs from frog skin (e.g., temporins and esculentin fragments) on an MDR clinical isolate of P.
aeruginosa and (ii) their in vivo antibacterial activities and modes of action, using the minihost model of
Caenorhabditis elegans. Our data revealed that in vivo, both temporin-1Tb and esculentin(1-18) were highly
active in promoting the survival of Pseudomonas-infected nematodes, although temporin-1Tbh did not show
significant activity in vifro under the experimental conditions used. Importantly, esculentin(1-18) permeated
the membrane of Pseudomonas cells within the infected nematode. To the best of our knowledge, this is the first
report showing the ability of a CAMP to permeate the microbial membrane within a living organism. Besides
shedding light on a plausible mode of action of frog skin CAMPs in vivo, our data suggest that temporins and
esculentins would be attractive molecules as templates for the development of new therapeutics against

life-threatening infections.

Pseudomonas aeruginosa is a ubiquitous and opportunistic
Gram-negative bacterium capable of causing the most preva-
lent life-threatening infections, including otitis media (7), oc-
ular keratitis (14), burn wound infections (28), and lung infec-
tions in cystic fibrosis patients (13, 34). Unlike other
microorganisms, P. aeruginosa is a pathogen endowed with
high intrinsic drug resistance, due in part to many elaborate
virulence factors and the formation of a biofilm matrix, which
makes it difficult for antibiotics and immune cells to attack.
Importantly, clinical isolates of this bacterial species that are
resistant to virtually all antibiotics have already emerged.
Therefore, effective therapy to treat and defeat them remains
a management dilemma for hospitalized individuals, especially
those with a compromised immune system (10, 12). This has
prompted researchers to seek new drugs. Membrane-active
cationic antimicrobial peptides (CAMPs) are considered a new
class of antibiotics with a new mode of action and promising
therapeutic effects (17, 29, 40). Chemically, they are composed
of 12 to 50 amino acids, and they are produced by almost all
forms of life. They represent effector molecules of the innate
defense mechanisms, with direct antimicrobial activity and/or a
strong ability to modulate host adaptive immunity (17).

We recently demonstrated that amphibian CAMPs belong-
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ing to the temporin family, as well as the short fragment cov-
ering the first 18 N-terminal residues of the longer esculentin
1b [esculentin(1-18), or Esc(1-18)] from Pelophylax lessonae/
ridibundus (previously classified as Rana esculenta [6]), possess
potent antibacterial activity in vitro against multidrug-resistant
(MDR) nosocomial pathogens (26). Nevertheless, except for
the effects of a longer fragment of esculentin, Esc(1-21), on the
regression of the clinical stage of mastitis in dairy cows (16), at
present very little is known about the toxicities and antimicro-
bial activities of these peptides in vivo, both of which are
fundamental requirements for the potential development of
CAMPs as new therapeutic agents.

To gain this knowledge, we analyzed (i) the activities of
different CAMPs from frog skin [temporin-1Tb, -1Tf, and -1T]I,
Esc(1-18), and Esc(1-21)] on a clinical isolate of P. aeruginosa
that is resistant to a broad spectrum of antibiotics and the
mechanism underlying the bacterial killing of the most active
peptides by means of in vitro assays and (ii) their toxicities and
antibacterial activities in vivo, using the well-characterized in-
vertebrate Caenorhabditis elegans and also considering the
plausible mode of action of Esc(1-18). C. elegans is a differen-
tiated worm with a specialized nervous system, intestine, and
reproductive organs; it possesses relevant biological processes,
i.e., absorption, transport, and distribution of nutrients
through various tissues and cell types. Different species of
bacteria (including P. aeruginosa) can pass through the mouth
of the worm, ultimately reaching and invading its gut, where
they proliferate and kill the animal in an infection-like process.
Interestingly, many virulence factors used by these bacteria to
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kill C. elegans play important roles in inducing pathogenesis in
mammals, as well (31, 37, 38). In light of these properties, and
taking into account the simple structure, transparency, and
short life cycle of the nematode (less than 3 days) and the
ability to grow it easily in the laboratory, C. elegans serves as a
very suitable and convenient animal model for identifying an-
timicrobial compounds lacking toxic effects in vivo (30).

Our results indicate that, with the exception of temporin-
1T1, all of the peptides increased the survival rate of Pseudo-
monas-infected worms compared with non-peptide-treated an-
imals and that Esc(1-18) and temporin-1Tb were the most
active molecules. In addition, Esc(1-18) exhibited the same
mode of action on P. aeruginosa under both in vitro and in vivo
conditions. Although previous studies have shown the thera-
peutic potential of frog skin peptides (e.g., magainin and der-
maseptins [5, 32]) against animals infected by this pathogen, to
the best of our knowledge, the present report is the first de-
scribing both the ability of amphibian CAMPs to reduce the
mortality of Pseudomonas-infected animals and their in vivo
membrane-active properties.

MATERIALS AND METHODS

Materials. Synthetic temporin-1Tb, -1Tf, and -1TI, Esc(1-18), and Esc(1-21)
were purchased from Genepep (Prades le Lez, France). The purity of the pep-
tides and their sequences and concentrations were determined as previously
described (24). Culture media were all purchased from Sigma (St. Louis, MO).
Sytox Green was from Molecular Probes, Invitrogen (Carlsbad, CA). All other
chemicals were reagent grade.

Bacterial and nematode strains. Escherichia coli strain OP50 (the C. elegans
food source), a clinical isolate of P. aeruginosa (kindly provided by Anna Rita
Blanco, SIFI Pharmaceutical Company, Catania, Italy), and the reference strain
of P. aeruginosa, ATCC 15692, were used.

The clinical isolate of P. aeruginosa was considered an MDR bacterium be-
cause it was resistant to more than three drugs from distinct classes of antibiotics.
Its resistance profile was determined via antibiotic susceptibility tests using Vitek
2 automatic instruments (bioMérieux, Lyon, France) (see Table 2, note a).

For fluorescence microscopy experiments, P. aeruginosa ATCC 15692 was
transformed by electroporation with the plasmid pSMC21 (a kind gift from R.
Kolter, Boston, MA) containing a gene for the expression of the green fluores-
cent protein (GFP) and a gene for the enzyme B-lactamase, which provides
resistance to ampicillin. Indeed, B-lactamase, which is produced and secreted by
bacteria that contain the plasmid, inactivates the ampicillin present in nutrient
agar plates, allowing bacterial growth. Only transformed bacteria that contain the
plasmid and express B-lactamase can survive on plates supplemented with am-
picillin. P. aeruginosa ATCC 15692 was found to be resistant to ceftazidime,
cefuroxime, and meropenem.

The wild-type C. elegans strain N2 was used in all experiments.

Antibacterial activities of the peptides. Susceptibility testing of peptides was
performed by adapting the broth microdilution method outlined by the Clinical
and Laboratory Standards Institute using sterile 96-well plates (Falcon, NJ).
Stock solutions of peptides were prepared in serial 2-fold dilutions in 20%
ethanol; 4 pl was then added to 46 pl of Mueller-Hinton broth (MHB) (Oxoid,
Cambridge, United Kingdom) previously put into the wells of the microtiter
plate. Then, aliquots (50 pl) of bacteria in mid-log phase, at a concentration of
2 X 10° CFU/ml, were added to each well.

The ranges of peptide dilutions used were from 1 to 64 pM. Inhibition of
growth was determined by measuring the absorbance at 595 nm with a microplate
reader (Infinite M200; Tecan, Salzburg, Austria) after 18 to 20 h of incubation at
37°C. Antibacterial activities were expressed as the MIC, the minimal concen-
tration of peptide causing 100% inhibition of bacterial growth.

Bactericidal activity. The bactericidal activities of amphibian peptides against
the MDR clinical isolate of P. aeruginosa were evaluated as previously described
(26). Briefly, exponentially growing bacteria in MHB were harvested by centrif-
ugation and then resuspended in fresh MHB or phosphate-buffered saline (PBS)
to obtain a density of 1 X 107 CFU/ml. Ten microliters of the bacterial suspen-
sion was incubated at 37°C for 90 min in the presence of different concentrations
of peptide (serial 2-fold dilutions ranging from 2 to 64 wM) dissolved in MHB or
PBS to a final volume of 100 pl. Following incubation, appropriate aliquots were
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plated on Luria-Bertani (LB) agar plates to accurately determine the 99.9%
killing. The number of surviving bacteria was determined after overnight incu-
bation at 37°C. Bactericidal activity was expressed as the peptide concentration
necessary to induce a reduction in the number of viable bacteria of =3 log,,
CFU/ml (22). Controls were run without peptide and in the presence of peptide
solvent (20% ethanol) at a final concentration of 0.6%.

Time-kill. About 1 X 10° CFU in 100 pl PBS were incubated at 37°C with
Esc(1-18) or Esc(1-21) at their MICs (8 and 4 pM, respectively). Aliquots of 10
wl were withdrawn at different intervals, diluted in MHB, and spread onto LB
agar plates. After overnight incubation at 37°C, the CFU were counted. Controls
were run without peptide and in the presence of peptide solvent (20% ethanol)
at a final concentration of 0.6%.

Permeation of the bacterial IM. To assess the ability of esculentin fragments
to alter the permeability of the inner membrane (IM) of P. aeruginosa, 1 X 10°
cells in 100 pl of PBS were mixed with 1 uM Sytox Green for 5 min in the dark.
After peptide was added, the increase in fluorescence, owing to the binding of
the dye to intracellular DNA, was measured at 37°C in the microplate reader,
using 485-nm and 535-nm filters for excitation and emission wavelengths, respec-
tively. The peptide concentrations ranged from 1 to 16 wM. Controls were cells
without peptide, whereas the maximal membrane perturbation was obtained
after lysing bacteria with 1 mM EDTA-0.5% Triton X-100.

Hemolytic activity. The hemolytic activities of the peptides were determined
using fresh human erythrocytes from healthy donors. The blood was centrifuged,
and the erythrocytes were washed three times with 0.9% NaCl. Peptides dis-
solved in 20% ethanol at concentrations ranging from 2 to 64 uM were added to
the erythrocyte suspension to reach a final volume of 100 wl (final erythrocyte
suspension, 5% [vol/vol]). Samples were incubated with agitation at 37°C for 40
min. The release of hemoglobin was monitored by measuring the absorbance
(Abs) of the supernatant at 540 nm. Control for zero hemolysis (blank) consisted
of erythrocytes suspended in the presence of peptide solvent (20% ethanol at a final
concentration of 0.6%). Hypotonically lysed erythrocytes were used as a standard for
100% hemolysis. The percent hemolysis was calculated using the following equation:
percent hemolysis = [(Absgumpte — AbSpiani)/ (AbSora 1ysis — AbSpiani)] X 100.

Toxic activities of CAMPs on C. elegans. C. elegans strain N2 was grown on
nematode growth medium (NGM) agar plates (9-cm diameter) and fed with E.
coli OP50 (39). Adult nematodes were transferred to 96-well plates (20 worms/
well), each well containing 50 pl of S medium with E. coli OP50, according to the
method of Stiernagel (39). CAMPs, at different concentrations, were added or
not to the wells, as indicated. To score for worm survival after 48 h of peptide
treatment, the plates were hand shaken, and the worms were considered to be
dead if they did not move or exhibit muscle tone. Living nematodes maintain a
sinusoidal shape, whereas dead nematodes appear as straight, rigid rods as the
corpse becomes filled with bacteria (30).

C. clegans infections. P. aeruginosa cultures were grown overnight in LB at
37°C. Bacterial lawns used for C. elegans infection assays were prepared by
spreading 200 ul of the overnight culture of P. aeruginosa on modified NGM (50
mM NaCl and 0.35% peptone) agar plates. The plates were incubated at 37°C for
12 h before being seeded with young adult hermaphrodite nematodes, grown at
16°C, from a synchronized culture (39). The infections were performed at 25°C
for several hours, as indicated.

Survival assays of infected C. elegans. Nematode survival was evaluated by
liquid or agar medium assay.

For the liquid assay, adult worms infected for 6 h with the MDR strain of
P. aeruginosa (36) were washed three times with M9 buffer (39) and trans-
ferred into 96-well plates (15 worms/well). Each well contained 50 pl of S
medium with E. coli OP50 (39). CAMPs were added or not to the wells, as
indicated. The plates were incubated at 25°C for 40 h. Worm survival was
estimated as described above. For the agar plate assay, which was used to
examine the peptides’ effects on both nematode survival and the bacterial
counts within the worm gut (see below), 15 infected animals were washed as
described above and transferred each day to new 3.5-cm-diameter NGM
plates containing E. coli OP50. Two hundred microliters of a peptide solu-
tion, at the indicated concentration, was prepared every day and evenly
distributed on the NGM plates before the nematodes were seeded. Worm
death was scored by the absence of touch-provoked movement.

Estimation of bacterial CFU within the nematode gut. Adult infected worms
were washed as described above and transferred to E. coli OP50-supplemented-
NGM plates, to which a solution of 0.5 nM Esc(1-18) or temporin-1Tb was
directly added. The numbers of live P. aeruginosa bacteria in the worm intestine
were determined before and after 1 day of peptide treatment, as described in
reference 8. Briefly, for each replicate, 10 infected worms were put into a 1.5-ml
Eppendorf tube and washed three times with M9 buffer (500 pl) containing 20
pg/ml gentamicin to remove surface E. coli bacteria. The nematodes were broken
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TABLE 1. Amino acid sequences and net charge of frog
skin peptides

ACTIVITY OF AMPHIBIAN PEPTIDES IN C. ELEGANS INFECTION MODEL 3855

TABLE 2. In vitro antibacterial activities of amphibian CAMPs on
the MDR strain of P. aeruginosa®

Net charge
Peptide Sequence” at neutral

pH
Esc(1-18) H,N-GIFSKLAGKKLKNLLISG-CONH, +5
Esc(1-21) H,N-GIFSKLAGKKIKNLLISGLKG-CONH, +6
Temporin-1Tb ~ H,N-LLPIVGNLLKSLL-CONH, +2
Temporin-1Tf ~ H,N-FLPLIGKVLSGIL-CONH, +2
Temporin-1TI ~ H,N-FVQWFSKFLGRIL-CONH, +3

“ Amino acids are indicated using the single-letter code.

with 50 pl of M9 buffer—1% Triton X-100. Appropriate dilutions of whole-worm
lysates were plated on selective medium (LB agar plates containing 100 pg/ml
ampicillin to avoid growth of E. coli). The CFU were counted after overnight
incubation at 37°C.

Fluorescence microscopy analysis of Pseudomonas-infected nematodes. Nem-
atodes infected for 16 h with the reference strain of P. aeruginosa, ATCC 15692,
expressing GFP were transferred to NGM agar plates (3.5-cm diameter) con-
taining E. coli OP50 and supplemented or not with the peptide, as reported
above. After 90 min of peptide treatment, the worms were observed under a
Leica MZ10F stereomicroscope equipped for epifluorescence (GFP2 filter) at
X 60 magnification.

In vivo bacterial-membrane permeation of Esc(1-18). Adult worms infected or
not with the clinical isolate of P. aeruginosa for 16 h were washed three times with
MO buffer and then incubated in K medium (32 mM KClI plus 50 mM NaCl) agar
plates (9-cm diameter) for approximately 24 h at 25°C. In the case of infected
animals, this allowed intestinal Pseudomonas cells to proliferate, thereby increas-
ing their number (about 1,000 CFU per worm), which is extremely important for
optimal detection of bacterial-membrane permeabilization by the Sytox Green
assay. Then, using a wire pick, nematodes were put into a 24-well plate (200
worms per well), each well containing 300 pl of K medium. All samples were
mixed with 1 pM Sytox Green for 5 min in the dark, and the fluorescence
intensity was monitored at 25°C in the microplate reader using 485-nm and
535-nm filters for excitation and emission wavelengths, respectively.

Then, 10 nM Esc(1-18) was added to the wells containing infected or unin-
fected worms, and the increase in fluorescence was measured until the fluores-
cent signal reached a constant value (approximately 40 min). Infected nematodes
not treated with the peptide, but in the presence of peptide solvent (20%
ethanol) at a final concentration of 0.3%, were used for comparison. Nematode
survival was checked at the end of the experiments, and 10% lethality was
observed in both peptide-treated and non-peptide-treated animals.

RESULTS

In vitro studies. (i) Antibacterial activity. The antibacterial
activities of temporin-1Tb, -1Tf, and -1Tl, Esc(1-18), and
Esc(1-21) (Table 1) against the MDR clinical isolate of P.
aeruginosa were assessed using the microdilution broth assay
(Table 2).

As reported in Table 2, only temporin-1Tl, Esc(1-18), and
Esc(1-21) were found to be active, with MIC values of 64, §,
and 4 pM, respectively. We then analyzed the killing activities
of the peptides after 90 min of incubation with bacteria in both
MHB and a physiological solution (PBS), as described in Ma-
terials and Methods. In MHB, Esc(1-18) and Esc(1-21) in-
duced a reduction in the number of viable cells of =3 log,,
CFU/ml (99.9% mortality) at peptide concentrations 8-fold
and 4-fold higher than their MICs, respectively (Table 2).
Bactericidal activities above 64 wM were observed for all the
other CAMPs. Interestingly, when the peptides were tested in
PBS (containing 150 mM sodium salt compared to 100 mM
sodium salt of MHB [21]), the bactericidal concentration of
Esc(1-18) or Esc(1-21) was found to be 2-fold higher or equal
to the corresponding MIC, respectively (Table 2). In contrast,

Concn (nM) for antibacterial activity

Peptide Bactericidal activity”
MIC

MHB PBS
Temporin-1Tb >064 >64 >64
Temporin-1Tf >64 >64 >64
Temporin-1TIl 64 >64 16
Esc(1-18) 8 64 16
Esc(1-21) 4 16 4

¢ Resistance phenotype: ampicillin, cefepime, cefotaxime, ceftazidime, cefuro-
xime, ciprofloxacin, gentamicin, meropenem, piperacillin, tobramycin, tri-
methoprim-sulfamethoxazole.

> The bactericidal activity is expressed as the concentration of peptide that is
sufficient to reduce the number of viable bacteria by =3 log,, CFU/ml after 90
min of incubation.

Tl exhibited a bactericidal effect at a peptide concentration
4-fold lower than its MIC.

These results suggest that esculentin peptides and temporin-
1Tl are able to display antibacterial activity at high ionic
strengths of the incubation medium. One explanation for their
reduced efficacy in MHB compared with PBS is that it is due to
their binding to complex carbohydrates/proteins of MHB, thus
decreasing the availability of active peptide molecules. Alter-
natively, MHB components can bind to the surfaces of Pseudo-
monas cells and make it more difficult for the peptide to reach
and permeate the target microbial membrane (see below).

The killing kinetics of the most promising peptides, Esc(1-
18) and Esc(1-21), was also investigated at their MICs in PBS.
Both peptides gave rise to a significant reduction in the num-
ber of living bacteria [~95 X 10* CFU/ml and 99.8 X 10*
CFU/ml were killed by Esc(1-18) and Esc(1-21), respectively]
within the first 5 min (Fig. 1).

(ii) IM permeation. To obtain insight into the modes of
action of these two peptides on P. aeruginosa, we studied the
ability of Esc(1-18) (Fig. 2A) and Esc(1-21) (Fig. 2B) to alter
the permeability of the bacterial IM by monitoring the intra-
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FIG. 1. Time-kill curves of P. aeruginosa by esculentin fragments.
Bacteria (1 X 10° CFU/ml) were grown in MHB at 37°C, diluted in
PBS, and incubated with Esc(1-18) (M) and Esc(1-21) (A) at the MIC
(8 and 4 uM, respectively). Controls (#) were bacteria incubated in the
presence of peptide solvent (20% ethanol) at a final concentration of
0.6%. The data are the means * standard deviations (SD) of three
independent experiments.
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FIG. 2. Effect of esculentin fragments on the IM permeation of P.
aeruginosa. Cells (1 X 10°) were incubated in 100 wl of PBS with 1 uM
Sytox Green. Once basal fluorescence reached a constant value, the
peptide was added (left arrows; t = 0), and changes in fluorescence
were monitored (Ao = 485 nm; A, = 535 nm) and plotted as
arbitrary units. Maximal membrane permeation (right arrows; ¢t = 30
min) was obtained after the addition of 1 mM EDTA plus 0.5% Triton
X-100. The data points represent the means of triplicate samples, with
SD values not exceeding 2.5% from a single experiment, representative
of three different experiments. Peptide concentrations used for Esc(1-
18) (A) and Esc(1-21) (B) were as follows: 1 pM (A), 2 uM (A), 4 uM
(M), 8 pM (@), and 16 uM (O). The fluorescence values of controls
(bacteria without peptide) were subtracted from each sample.

cellular influx of Sytox Green upon addition of peptide (con-
centrations ranged from 2X MIC to 1/4X MIC). Sytox Green
is a cationic dye that is excluded by intact membranes, but not
by those having lesions large enough to allow its entrance (27).
Its fluorescence dramatically increases when it is bound to
intracellular nucleic acids. The data indicated that the peptides
were able to increase the permeability of the plasma mem-
brane in a concentration-dependent manner (Fig. 2) and with
kinetics similar to those of bacterial killing (Fig. 1). In partic-
ular, Esc(1-21) almost completely permeabilized the mem-
brane at a concentration 2-fold higher than its MIC (8 wM).
This is reflected by a slight change in the fluorescence intensity
upon addition of EDTA-Triton to fully solubilize the mem-
brane (Fig. 2, arrows at 30 min).

(iii) Hemolytic activity. According to previous papers (3,
33), temporin-1TI was found to be a highly hemolytic peptide,
causing lysis of red blood cells, from 2 to 100%, at peptide
concentrations ranging from 2 to 64 pM. In contrast, tem-
porin-1Tb and -1Tf gave rise to ~5 and 12% hemolysis at 32
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FIG. 3. In vivo toxicity assay of frog skin CAMPs on C. elegans
worms and their efficacies on nematodes infected with an MDR strain
of P. aeruginosa. (A) Adult C. elegans worms were incubated with
different concentrations of CAMPs, as described in Materials and
Methods. Nematode survival was monitored 48 h after peptide addi-
tion and is expressed as a percentage with respect to non-peptide-
treated worms. The results are the means of two independent exper-
iments; the error bars indicate SD. (B) Nematode infection was carried
out for 6 h as described in Materials and Methods. C. elegans survival
was monitored after 40 h of exposure to peptides in a liquid medium
assay. Peptides were used at the following concentrations: Esc(1-18),
0.3 nM; Esc(1-21), 0.3 nM; temporin-1Tb, 0.3 nM; temporin-1Tf, 0.01
nM; and temporin-1Tl, 0.01 nM. Infected animals not treated with the
peptides (Ut) were included for comparison. Control animals not ex-
posed to the pathogen and fed with E. coli OP50 exhibited 100%
viability. The results represent the means of at least three independent
experiments; the error bars indicate SD.

and 64 pM, respectively, but they were devoid of toxic effects
at the lower peptide concentration. Importantly, similar behav-
ior was also observed with both esculentin fragments, but they
were practically nonhemolytic up to 64 wM.

In vivo studies. (i) Effects of the peptides on the survival of
infected nematodes. A toxicity study was initially conducted to
determine the in vivo lethal doses of the peptides against un-
infected nematodes (Fig. 3A). Accordingly, peptides at suble-
thal concentrations were tested for their effects on the viability
of P. aeruginosa-infected C. elegans. Interestingly, as shown in
Fig. 3B, both temporin-1Tb and Esc(1-18) increased worm
survival by approximately 4-fold after 40 h of peptide treat-
ment at 0.3 nM in liquid medium. Note that temporin-1Tb
lacked anti-Pseudomonas activity in vitro (Table 2). In contrast,
temporin-1T] did not promote the survival of the infected
worms at 0.01 nM (Fig. 3B) and in fact killed C. elegans when
used at a higher dosage (Fig. 3A), in agreement with its in vitro
toxicity to erythrocytes.



VoL. 54, 2010

A 100 out
.

g™ mEsc(1-18)
S
(<] T
3 50
S
[TH
© 2

: am

0 1
Days
out
BA 100 -
B W Esc(1-18)
.g 75
S
=
B Fl
(]
T
L
© 25
£
[}
z
0 T T
1 3 6

Days

FIG. 4. Effect of Esc(1-18) on the number of live Pseudomonas
cells within the worm gut and the animal’s survival. Adult worms were
infected with the MDR strain of P. aeruginosa for 6 h and then trans-
ferred to NGM agar plates supplemented with E. coli OP50, to which
a solution of 0.5 nM Esc(1-18) was directly added. (A) CFU were
determined in the guts of 10 live worms removed from the plates
before (0 days) and after 1 day of peptide treatment. Infected nema-
todes not treated with the peptide (Ut) were included for comparison.
(B) Survival of infected C. elegans upon peptide treatment was ana-
lyzed at the indicated time points in comparison to untreated infected
nematodes (Ut). Control worms not exposed to the pathogen and fed
with E. coli OP50 showed 100% viability at each time point. The
reported values represent the means of at least three independent
experiments; the error bars indicate SD.

(ii) Effects of the peptides on the bacterial colonization of
the nematode intestinal tract. We examined the effects of both
Esc(1-18) and temporin-1Tb on the colonization of Pseudomo-
nas in the intestinal lumen of the nematode. After 6 h of
infection, an average of 50 viable Pseudomonas cells were re-
covered from each worm (Fig. 4A). Then, a group of infected
nematodes was transferred to E. coli OP50-supplemented agar
plates and incubated or not with Esc(1-18). Surprisingly, at
24-h post-peptide addition, the bacterial counts dropped 5-fold
with respect to untreated infected worms (Fig. 4A). Almost
identical results were obtained when Esc(1-18) was replaced by
temporin-1Tb, and therefore, they are not shown.

Note that although the killing of Pseudomonas occurred
within 1 day of treatment, the peptide’s ability to increase
worm survival became evident only at 3 days post-peptide
administration, and the number of living animals was double
that of untreated nematodes within 6 days (Fig. 4B). Note also
that in these experiments, the peptide was used on agar me-
dium plates. In comparison, in liquid medium, the peptide had
higher solubility and greater diffusibility (Fig. 3). Such a dif-
ference could be responsible for the delayed effect of the pep-
tide on the animal survival rate when tested in an agar medium
assay.

To further visualize the reduction of bacterial colonization
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FIG. 5. Effect of temporin-1Tb on the colonization of P. aerugi-
nosa ATCC 15692 within the nematode gut and the animal’s sur-
vival. Nematodes were infected with the GFP-expressing P. aerugi-
nosa strain ATCC 15692 for 16 h to increase the number of
intestinal bacteria, as described in Materials and Methods. (A) Flu-
orescence photomicrographs of a representative nematode after 90
min of treatment with 0.5 nM temporin-1Tb. A representative non-
peptide-treated animal (Ut) was included for comparison. The ar-
rows indicate the anterior intestine. (B) Survival of infected nem-
atodes after 1 and 2 days of treatment with temporin-1Tb at 0.5 nM
in an agar medium assay in comparison with untreated infected
nematodes (Ut). The reported values represent the means of at
least three independent experiments; the error bars indicate SD.
Control animals not exposed to the pathogen and fed with E. coli
OP50 exhibited 100% viability at each time point. Similar data were
obtained when temporin-1Tb was replaced by Esc(1-18) and there-
fore are not shown.

in the nematode intestinal tract, C. elegans was infected with a
reference strain of P. aeruginosa (ATCC 15692) transformed
with the plasmid pSMC21 (see Materials and Methods), re-
sulting in the appearance of green bacteria under a fluores-
cence microscope. We used this specific reference strain owing
to the difficulty of identifying GFP-transformed MDR Pseudo-
monas cells by means of antibiotic selection plates. Note that
the MICs of Esc(1-18) and temporin-1Tb against P. aeruginosa
ATCC 15692 were the same as those obtained for the clinical
isolate (8 wM and >64 pM, respectively).

As shown in Fig. SA, Pseudomonas cells were spread
throughout the digestive tract of the animal, with higher
accumulation at the anterior intestine (Fig. 5A, left). In
contrast, a significant reduction in the fluorescence intensity
was visualized throughout the gut of the peptide-treated
nematodes (Fig. SA, right), due to the killing of GFP-ex-
pressing Pseudomonas. This effect was detected already af-
ter the first 90 min of incubation with temporin-1Tb (Fig.
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FIG. 6. Effect of Esc(1-18) on the membrane permeation of the
MDR strain of P. aeruginosa within nematodes. Infected nematodes
were transferred to a 24-well microtiter plate (200 worms per well),
each well containing 300 pl of K medium, and incubated with 1 uM
Sytox Green as described in Materials and Methods. Once basal
fluorescence reached a constant value (time zero), 10 nM Esc(1-18)
was added, and changes in fluorescence intensity were monitored
(Nexe = 485 nm; A, = 535 nm) until the fluorescent signal reached
a constant value (approximately 40 min). The increase in fluores-
cence reflected damage at the IM level of Pseudomonas cells. In-
fected nematodes not treated with the peptide, as well as peptide-
treated uninfected worms, were used for comparison. The reported
values represent the means of two independent experiments; the
error bars indicate SD.

5A) or Esc(1-18) (data not shown) and was followed by
increased worm viability (Fig. 5B).

(iii) Permeation of the bacterial membrane induced by
Esc(1-18) in living infected worms. Finally, to determine
whether the capacity of Esc(1-18) to alter the bacterial mem-
brane permeability was also preserved under in vivo conditions,
nematodes infected with the clinical isolate of P. aeruginosa
were exposed to 1 pM Sytox Green, which is not toxic to the
animal (9, 18).

As seen in Fig. 6, a significant rise in fluorescence intensity
was observed within 40 min post-peptide addition (black bars),
compared with untreated infected worms (white bars). Impor-
tantly, no fluorescence increase could be detected in peptide-
treated uninfected nematodes (gray bars). This excludes the
possible membrane permeabilization of C. elegans intestinal
cells (or other cells) by Esc(1-18). The following findings fur-
ther support the notion that the intracellular Sytox Green
uptake is not due to the peptide’s ability to permeate the
membranes of E. coli cells that might remain within the nem-
atode gut. (i) When C. elegans was fed GFP-expressing E. coli
OP50, no green-fluorescence-labeled bacteria were found in
the digestive systems of the nematodes after 16 h. In addition,
no viable E. coli cells could be found in the worm lysates. (ii)
When CFU counting in whole lysates of Pseudomonas-in-
fected nematodes was performed before peptide was added,
identical numbers of bacteria (approximately 1,000 cells per
worm) were recovered from both LB and ampicillin selec-
tion agar plates (where only P. aeruginosa was able to grow).
This rules out the possible presence of E. coli cells within
the gut of the infected worm and supports the notion that
Esc(1-18) is able to induce injury to the IM of Pseudomonas
cells within the animal.
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DISCUSSION

Over the past decade, extensive efforts have been made to
overcome the emergence of antimicrobial resistance and to
discover new antibiotics. An alarming expansion in the num-
ber of hospital-acquired infections owing to MDR Gram-
negative bacteria has also occurred, but only a limited num-
ber of effective drugs are currently being produced (19);
nevertheless, studies on naturally occurring CAMPs have
increased considerably in recent years. CAMPs usually have
a net positive charge at neutral pH and fold into amphi-
pathic structures in a hydrophobic environment (11). These
properties allow them to interact with the negatively
charged components of the microbial surface, such as the
lipopolysaccharide in Gram-negative bacteria, and to be
inserted into the anionic cytoplasmic membrane, considered
to be a major target for the actions of most CAMPs, includ-
ing those from amphibian skin (23, 25, 35).

A key aspect to take into account when developing new
drugs is their effectiveness in vivo and their lack of toxicity. To
address these points, we evaluated the abilities of several
CAMPs from frog skin to promote the survival of bacterium-
infected C. elegans, a known predictive model for studying
microbial pathogenesis in mammals (2, 15). To this end, the
nematode was infected with a clinical isolate of P. aeruginosa
resistant to almost all available antibiotics.

Our studies have pointed out that, with the exception of
temporin-1TI, all the tested amphibian CAMPs reduced the
lethality of infected nematodes. Among them, temporin-1Tb
and Esc(1-18) were the most active molecules (Fig. 3B), al-
though temporin-1Tb was not active in MHB and PBS (Table
2). Note that the behavior of a molecule can differ in vivo
compared with in vitro, where the number of bacteria used and
the environmental conditions do not always correspond to
those in animals.

The decreasing number of live Pseudomonas cells within the
nematode gut after peptide treatment (Fig. 4 and 5) confirms
that the peptide can affect the pathogen’s viability in vivo.

In addition, the finding that Esc(1-18) can alter the mem-
brane permeability of Pseudomonas in the worm intestine (Fig.
6) suggests that the mode of action used by this peptide to
promote worm survival is based on its direct effect on pathogen
growth, rather than on making bacteria avirulent and therefore
harmless. However, at this stage, we cannot exclude the pos-
sibility that the reduction of Pseudomonas colonization could
be due to an enhanced host immune reaction, as well.

It is important to emphasize that crucial mechanisms under-
lying innate immunity have been highly conserved during evo-
lution, from nematodes to mammals (1, 15, 20). Note also that
the C. elegans genome has been fully sequenced and annotated
(http://www.wormbase.org). Even if C. elegans cannot replace
mammals, it certainly provides an advanced step in selecting
antimicrobial molecules in a whole living organism.

Hence, as stated by Chamilos and colleagues (4), we re-
tain this invertebrate minihost model as the best available
compromise between the complexity of a multicellular or-
ganism and the possibility to perform, at low cost and in a
short time, large-scale in vivo studies on the toxicity and
antimicrobial properties of peptide antibiotics for a more
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comprehensive analysis of their effects on the host-pathogen
interactions.

In summary, this paper emphasizes two major findings. (i)
Frog skin peptides, such as temporin-1Tb and -1Tf and escu-
lentin fragments, are endowed with antibacterial activity in
animal models infected with an MDR nosocomial pathogen,
such as P. aeruginosa. Importantly, these peptides can display
in vivo anti-Pseudomonas activity, regardless of their inactivity
(in the case of temporin-1Tb and -1Tf) under the in vitro
experimental conditions.

(ii) The most active peptide, Esc(1-18), is able to alter the
membrane permeability of an MDR strain of Pseudomonas,
both in vitro and in vivo.

Importantly, to the best of our knowledge, this is the first
study demonstrating permeation of a bacterial membrane in-
side living species as a possible mode of action by an antimi-
crobial peptide.

In addition, besides shedding light on a plausible mode of
action in vivo of amphibian CAMPs, our data suggest that
esculentin and temporin peptides can serve as attractive mol-
ecules for the development of new therapeutic strategies to
fight life-threatening infectious diseases.
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