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The increasing problem of antibiotic resistance among pathogenic bacteria requires development of new
antimicrobial agents. One line of investigation is the synthesis of antimicrobial hybrid peptides. The aim of the
present investigation was to determine the in vitro activities of 16 cecropin-melittin hybrid peptides (CAMEL
analogues) against 60 anaerobic bacterial strains, to compare their activities with those of seven clinically used
antimicrobial agents, and to compare different methods for anaerobic susceptibility testing of these peptides.
The stability of one of the peptides, temporin B, with different stereoisomeric configurations was investigated
in a fecal milieu. The CAMEL analogues showed antimicrobial activity against the anaerobic bacteria, with
MICs ranging from 0.125 to 32 mg/ml. The overall activities (the MICs at which 90% of isolates are inhibited)
of the CAMEL analogues against anaerobic bacteria were mainly inferior to those of imipenem, clindamycin,
and piperacillin but were equal to or superior to those of metronidazole, cefoxitin, ciprofloxacin, and chlor-
amphenicol. The agarose dilution method was found to be an accurate method for the testing of large numbers
of bacterial strains. The D isomer of temporin B was inactivated more slowly in feces than the L isomer. This
study shows that the CAMEL analogues are potential agents for the treatment of anaerobic infections.

During the last 15 to 20 years, resistance among clinical bac-
terial strains against currently available antimicrobial agents
has emerged at an alarming rate. The evolution and rapid
spread of resistant strains are now significant nosocomial prob-
lems and are of increasing importance in community-acquired
infections. The resistance threat demands an increased effort
to search for antimicrobial agents with new mechanisms of
action. Anaerobic bacteria are a common cause of serious in-
fections. The anaerobic species which predominate in clinical
infections include the Bacteroides fragilis group, Clostridium
spp., Fusobacterium nucleatum, and Peptostreptococcus spp.
Treatment of anaerobic infections is often difficult, since many
anaerobes harbor intrinsic or required resistance against sev-
eral antimicrobial agents (14, 19). Pseudomembranous colitis
caused by Clostridium difficile is a fearful complication associ-
ated with previous antimicrobial therapy. Treatment with van-
comycin or metronidazole is often successful, although about
20% of the patients suffer recurrences after treatment (13).

Antimicrobial peptides are a new group of active antibiotics
with a unique mechanism of action (7, 25). These peptides are
part of an innate immune system that is widely distributed in
nature and that has been found in many different animal spe-
cies (4, 18). Genes encoding these peptides are immediately
expressed after injury or invasion of the host (21). Their effect
against bacteria is probably due to their positive charge and
their ability to adopt amphipathic conformations (22). A sug-
gested model is as follows: (i) a direct, electrostatic interaction
with the negatively charged bacterial cytoplasmic membrane,
(ii) interaction of the peptide with the hydrocarbon core of the
membrane and (iii) subsequent peptide conformational change
into alpha-helical peptides that form membrane-spanning
pores that disrupt the ionic homeostasis of the bacterium and

lead to cell lysis (31). Several antimicrobial peptides have also
been reported to act against fungi (8), parasites (42), viruses (2,
3, 34, 39), and tumors (43). In addition to the cytolytic capac-
ities, other mechanisms are probably involved.

One line of investigation for the detection of new antimi-
crobial agents and for the development of more active and
stable variants of naturally occurring peptides is the design and
chemical synthesis of analogues of the natural antimicrobial
peptides (6, 41). The synthesis of hybride peptides containing
portions of the amino acid sequences of two peptides with
different antibiotic properties has been a way of optimizing
these compounds. CAMEL0, or CA(1–7)M(2–9)NH2, is a 15-
residue hybride peptide amide with seven amino acids that are
derived from the sequence of cecropin A, which comes from
the larvae of the silk moth Hyalophora cecropia, and eight
amino acids that are derived from the sequence of melittin,
which comes from honey bee venom (1, 23, 40). It has been
found that CAMEL0 is more active than the native molecules
and also lacks the undesirable hemolytic properties of melittin
(1). A previous study indicated that the range of antimicrobial
activities of CAMEL0 was not restricted to aerobic microor-
ganisms but also included several gram-negative and gram-
positive anaerobic microorganisms (11). Various methods have
been used to screen for active antimicrobial peptides. Agar-
containing media have been shown to give higher inhibitory
concentrations compared to those in agarose-based media,
probably due to binding of the basic peptides to components of
the agar (6). Therefore, a comparison of agarose to agar media
was made in this study.

The main aim of the present investigation was to determine
the in vitro activities of a set of CAMEL analogues (16 ana-
logues, including CAMEL0) against 60 anaerobic clinical
bacterial isolates and to compare the activities to those of pip-
eracillin, cefoxitin, imipenem, ciprofloxacin, clindamycin, met-
ronidazole, and chloramphenicol. Three different methods for
susceptibility testing of CAMEL0 against anaerobic bacteria
were compared. Previous studies have shown that antimicro-
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bial agents can be inactivated inside the digestive tract under
certain conditions (10). Thus, a secondary aim of the present
study was to investigate the stability in the fecal milieu of two
different enantiomers of temporin B (LLPIVGNLLKSLL), a
13-residue synthetic antimicrobial peptide amide first isolated
from the European frog Rana temporaria (36). These experi-
ments were performed in a simulated fecal model.

MATERIALS AND METHODS

Antimicrobial peptides and antimicrobial agents. The CAMEL analogues
were a gift from Philip J. Morgan of Proteus International PLC, Macclesfield,
United Kingdom, and the temporins were purchased from Interactiva, Ulm,
Germany. The peptides had been synthesized by solid-phase methods by use of
9-fluorenymethoxycarbonyl chemistry and purified by reverse-phase high-perfor-
mance liquid chromatography (HPLC), and the concentrations of the peptides in
aqueous solution were estimated by absorption spectroscopy at neutral pH and
a wavelength of 280 nm by using the molar absorption coefficient for tryptophan
(ε280 5 5.6 3 103 M21 cm21) (17). The purities of the CAMEL analogues and
the temporins varied between .95 and .99%, as measured by HPLC. The
concentrations of the different peptides were also verified by amino acid analysis.
The amino acid sequences and the molecular weights of the peptides are shown
in Table 1.

The following antimicrobial agents were obtained from the indicated manu-
facturers: piperacillin, Lederle Laboratories, Wayne, N.J.; cefoxitin and imi-
penem, Merck Sharp & Dohme, Rahway, N.J.; ciprofloxacin, Bayer AG, Wup-
pertal, Germany; clindamycin, Upjohn, Kalamazoo, Mich.; metronidazole,
Rhône-Poulenc Rorer Inc., Collegeville, Pa.; and chloramphenicol, Parke-Davis
Pharmaceutical Research Division, Warner-Lambert Company, Ann Arbor,
Mich.

Bacterial strains. A total of 60 anaerobic clinical isolates including Peptostrep-
tococcus spp. (10 strains), Propionibacterium spp. (10 strains), C. difficile (10
strains), B. fragilis (10 strains), Prevotella spp. (10 strains), and F. nucleatum (10
strains) collected at the Swedish Institute for Infectious Disease Control, Stock-
holm, Sweden, were investigated. All strains were identified by biochemical tests
and gas-liquid chromatography analysis of metabolic end products by the tech-
niques described by Summanen et al. (38). Three reference strains, Staphylococ-
cus aureus ATCC 2921, B. fragilis NTCC 9343, and Escherichia coli ATCC 25922,
were included in each run.

Antibiotic susceptibility tests. (i) Agarose and agar dilution method. The
MICs of the 16 CAMEL peptides were determined by a modified agar dilution
method (11). Fresh dilutions of the peptides, prepared in sterile water in twofold
serial dilutions, were incorporated into 1% agarose (type I; low electroendos-
mosis [EEO]; Sigma, St. Louis, Mo.) with tryptic soy broth (TSB; Difco, Detroit,
Mich.) to final concentrations of 0.125 to 32 mg/ml. Antimicrobial susceptibility
tests with piperacillin, cefoxitin, imipenem, ciprofloxacin, metronidazole, and

chloramphenicol were performed by the agar dilution method with PDM-ASM
agar (Biodisk, Stockholm, Sweden) and 5% defibrinated horse blood. The anti-
microbial agents were suspended and diluted according to the manufacturer’s
instructions. Antimicrobial concentrations from 0.008 to 128 mg/liter were ob-
tained by incorporation of each substance when preparing the agar plates. A
plate without an antimicrobial agent was always included as a growth control.
The inocula were prepared by suspending colonies from a 48-h blood agar plate
directly into 0.1 M sterile phosphate buffer (PB; pH 7.3) to achieve a density
equivalent to that of a 0.5 McFarland standard and were then adjusted to give a
final inoculum of 105 CFU per spot applied with a Steers replicator (29). The
plates were incubated anaerobically at 37°C for 48 h in GasPak jars (BBL
Microbiology Systems, Cockeysville, Md.). The MIC was defined as the lowest
concentration of the drug that produced the most significant reduction of growth
compared to that of the growth control. The agarose dilution method was
compared to the agar dilution method by assaying the antimicrobial activity of
cefoxitin against the 60 strains by both methods.

(ii) Broth microdilution test. A twofold serial dilution of CAMEL0 was pre-
pared in TSB to give a concentration range of 0.06 to 32 mg/ml. To each well of
sterile microtiter plates (96-well cell culture cluster; Costar, Cambridge, Mass.),
100-ml portions of CAMEL0 dilutions were added. The inocula were prepared by
suspending colonies from a 48-h blood agar plate directly into TSB to achieve a
density approximately equivalent to that of a 0.5 McFarland standard. After
further dilution in TSB, 100-ml portions were then added to each well, giving a
final inoculum of 5 3 104 CFU/well. The National Committee for Clinical
Laboratory Standards (29) specifies 106 CFU/ml for broth microdilution tests.
The microtiter plates were incubated anaerobically at 37°C for 48 h, and each
concentration was run in duplicate. Growth controls without an antimicrobial
peptide were included in each run. The MICs were defined as the lowest con-
centration of the peptide that produced the most significant reduction of growth
compared to that of the growth control. The minimum bactericidal concentration
(MBC) was determined by subculturing on blood agar plates.

(iii) Inhibition zone assay. The inhibition zone assay described by Hultmark
and colleagues (20, 35) is a commonly used method for determining the antimi-
crobial activities of synthetic peptides. A volume of 10 ml of bacterial dilution
prepared from 48-h cultures was added to 6 ml of sterile agarose in TSB, and the
mixture was spread on 9-cm petri dishes (Labora; A/S Heger, Rjukan, Norway),
giving an agarose depth of 1 mm. After settling, 3-mm wells were punched in the
agarose (eight wells per plate). Three microliters of CAMEL0 diluted to differ-
ent concentrations in sterile H2O was added to each well in duplicate, giving total
amounts of 0.028 to 3.6 mg per well. The plates were incubated anaerobically at
37°C for 48 h. The squared diameter (in centimeters) of the inhibition zone was
plotted against the log amount of peptide (in nanomoles), and the lethal con-
centration (LC) was calculated from the slope (k), the intercept (l), and the
agarose depth (a; in centimeters) by using a diffusion equation. The LC is
considered to be almost equal to the MIC, as follows: LC 5 (4 ln 10/p a k 10l/k) 5
2.93/(a k 10l/k).

The three different methods (the agarose dilution, broth microdilution, and
inhibition zone assays) were all run on two separate occasions under the same
conditions. In each run all strains were tested in duplicate.

Stability study. Portions of 0.4 g of feces collected from a healthy volunteer
were diluted in 0.6 ml of PB in sterile plastic tubes in duplicate. Synthetic L and
D isomers of temporin B were added to final concentrations of 130 mg/ml,
respectively. Controls with only PB and peptide were included. The tubes were
incubated anaerobically at 37°C. After 30 min and 24, 48, and 72 h, samples from
each tube were collected and frozen at 270°C until they were assayed. The active
concentrations of the temporins were analyzed by a microbiological method
(modified agar diffusion method) by using agarose plates as the test medium and
S. aureus ATCC 29213 as the indicator strain. The plates were incubated aero-
bically at 37°C for 24 h. The peptide concentrations were calculated by relating
the diameters of the inhibition zones to a standard series of known concentra-
tions. This model was also used to determine the stability of vancomycin by using
Bacillus subtilis ATCC 6633 as the indicator strain. The detection limits were 16
mg/liter for the L isomer of temporin B, 4.0 mg/liter for the D isomer of temporin
B, and 2.0 mg/liter for vancomycin.

RESULTS

Antimicrobial activities. The antimicrobial activities of the
16 CAMEL analogues and the seven antimicrobial agents
against the anaerobic bacterial strains are shown in Table 2.
C. difficile and B. fragilis were the species most susceptible to
the CAMEL analogues, with the MICs at which 90% of iso-
lates are inhibited (MIC90s) being consistent and ranging from
1 to 4 mg/ml. For only 1 of the 10 B. fragilis strains tested the
MIC was .4 mg/ml. The lowest activity was shown against the
Peptostreptococcus group, for which 10 of the 16 analogues had
MIC90s of $8 mg/ml. Among the different peptide analogues,
CAMEL24 and CAMEL42 showed the highest overall levels of
antimicrobial activities against the 60 anaerobic strains, with

TABLE 1. Amino acid sequences of peptides tested and number of
mutations compared with sequence of CAMEL0a

Peptide label Amino acid sequenceb No. of
mutationsc Mol wt

CAMEL0 KWKLFKKIGAVLKVL 0 1,770.3
CAMEL9 KWrLFKnIGAVLKVL 2 1,784.2
CAMEL24 KWKLFKhIGAVLKVL 1 1,779.4
CAMEL42 hWKLFKKIGAVLKVL 1 1,779.3
CAMEL46 KWKLFKgIrAVLKVL 2 1,798.4
CAMEL48 KWKLgKKIlAVLKVL 2 1,736.4
CAMEL48D KWKLgKKIlAVLKVL 2 1,736.3
CAMEL101 KWKLgKKIlrVLKVL 3 1,821.4
CAMEL102 gWKLgKKIlrVLKVL 4 1,750.7
CAMEL108 KWKLgKKIlnVLKVL 3 1,779.7
CAMEL109 gWrLgKKIlrVLKVL 5 1,778.7
CAMEL110 gWKLgKKIlnVLKVL 4 1,708.2
CAMEL123 lWKLFKKIrrVLrVL 4 1,967.5
CAMEL129 lWKLFKKInrVLKVL 3 1,897.4
CAMEL135 gWRLiKKIlrVfKgl 7 1,826.4
CAMEL136 vWrLiKKIlrVfKgL 7 1,868.4
Temporin B LLPIVGNLLKSLL 1,406.7
Temporin B, D LLPIVGNLLKSLL 1,406.7

a Adapted from Tables 2 and 3 of reference 20.
b Lowercase letters indicate sites of mutation compared with the CAMEL0

sequence.
c Number of mutations when the sequence is compared with the CAMEL0

sequence.
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overall MIC90s of 2 mg/ml for CAMEL24 and 4 mg/ml for
CAMEL42. All strains tested with the exception of three Pep-
tostreptococcus spp. were susceptible to #2 mg of CAMEL24
per ml. CAMEL24 and CAMEL42 were the only CAMEL
analogues containing the amino acid histidine.

The overall activities (MIC90s) of the different agents against
all 60 anaerobic strains are shown in Fig. 1. The activity of
CAMEL0 was mainly inferior to those of imipenem, clindamy-
cin, and piperacillin but was equal to or superior to those of
metronidazole, cefoxitin, ciprofloxacin, and chloramphenicol.

Comparison of antimicrobial susceptibility tests. The aga-
rose dilution method was found to be an accurate method after
running each of the three methods in two independent exper-
iments performed in duplicate, yielding identical results (Table
3). The agarose dilution method often resulted in MICs 1 to 2
dilution steps higher than those obtained by the broth microdi-
lution method and the inhibition zone assay. The use of aga-
rose compared to the use of PDM-ASM agar for assaying the
antimicrobial activity of cefoxitin against the 60 anaerobic
strains yielded almost identical results. The MICs were all
within 1 dilution step (data not shown).

Stability study. The stability study showed that the L form of
temporin B quickly lost its antimicrobial activity in the fecal
milieu. The antimicrobial activity of the D form of temporin B
was detected after 30 min (20 mg/ml), but no activity was
detected after 24, 48, and 72 h in the fecal milieu. In the
control samples, which contained PB, the original antimicro-
bial activity of 130 mg/ml was detected at all time points for
both isomers. When assaying the stability of vancomycin with
the fecal model, an original concentration of $32 mg of van-
comycin per ml yielded activities after 0.5, 24, 48, and 72 h of
incubation that corresponded to concentrations in feces of 3.2,
2.0, 3.4, and 3.4 mg/ml, respectively, while an original concen-
tration of #16 mg of vancomycin per ml yielded no detectable
activity after 30 min.

DISCUSSION

Anaerobic bacteria are an important class of human patho-
gens (14, 33). Hybrid peptides have received increasing atten-
tion recently because of their antimicrobial effects in vitro.
In previous studies antimicrobial peptides have mainly been
tested against aerobic microorganisms. In a study by Mee et al.
(23), a set of CAMEL analogues was assayed against 24 aer-
obic bacterial strains, resulting in a range of MICs of 2 to 100
mg/ml, and the MIC of CAMEL0 was 4 mg/ml. The present

FIG. 1. In vitro activities of CAMEL0 and seven other antimicrobial agents
against 60 anaerobic bacterial strains: Peptostreptococcus spp. (n 5 10), Propi-
onibacterium acnes (n 5 10), C. difficile (n 5 10), B. fragilis (n 5 10), Prevotella
spp. (n 5 10), and F. nucleatum (n 5 10). h, CAMEL0; {, imipenem; E,
cefoxitin; ‚, metronidazole; µ, chloramphenicol; , clindamycin Q, ciprofloxa-
cin; ƒ, piperacillin.

TABLE 2. Activities of 16 cecropin-melittin peptides and seven other antimicrobial agents against 60 clinical anaerobic strains

Antimicrobial
agent

Peptostreptococcus spp.
(n 5 10)

Propionibacterium
(n 5 10)

C. difficile
(n 5 10)

B. fragilis
(n 5 10)

Prevotella spp.
(n 5 10)

F. nucleatum
(n 5 10)

MIC50
(mg/ml)

MIC90
(mg/ml)

MIC50
(mg/ml)

MIC90
(mg/ml)

MIC50
(mg/ml)

MIC90
(mg/ml)

MIC50
(mg/ml)

MIC90
(mg/ml)

MIC50
(mg/ml)

MIC90
(mg/ml)

MIC50
(mg/ml)

MIC90
(mg/ml)

CAMEL0 4 4 4 8 2 2 2 2 2 2 4 8
CAMEL9 8 8 2 2 2 2 2 2 0.25 1 4 4
CAMEL24 2 4 0.5 2 1 1 1 1 1 1 2 2
CAMEL42 2 4 2 2 2 2 2 2 2 2 4 4
CAMEL46 4 4 2 2 4 4 2 4 4 4 4 4
CAMEL48 4 32 2 2 1 2 1 2 8 8 4 4
CAMEL48D 4 8 1 2 2 2 1 2 2 2 2 2
CAMEL101 8 8 1 2 2 2 2 2 2 2 8 8
CAMEL102 4 16 8 8 4 4 2 2 2 4 2 2
CAMEL108 4 32 8 8 2 2 2 2 4 4 2 2
CAMEL109 8 16 4 4 4 4 4 4 4 16 4 4
CAMEL110 16 16 8 8 2 2 2 2 2 4 4 4
CAMEL123 2 2 2 4 2 2 2 2 2 2 4 4
CAMEL129 8 16 4 4 4 4 4 4 4 8 16 16
CAMEL135 4 8 4 4 4 4 4 4 2 4 8 8
CAMEL136 4 4 2 4 4 4 4 4 2 4 16 16
Imipenem 0.032 0.032 0.032 0.032 8 8 0.064 0.125 0.032 0.032 0.032 0.032
Clindamycin 0.064 0.064 0.016 0.032 4 8 0.5 1 0.016 0.016 0.016 0.016
Cefoxitin 2 4 0.125 0.125 64 64 4 16 0.5 1 0.5 0.5
Ciprofloxacin 0.5 1 0.5 0.5 8 16 2 8 4 16 2 2
Metronidazole 2 4 .64 .64 0.125 0.125 0.5 1 1 1 4 4
Piperacillin 0.125 0.25 0.25 0.25 0.5 4 4 16 1 4 0.064 0.064
Chloramphenicol 4 4 1 1 4 4 4 4 4 4 4 4
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study demonstrates that several antimicrobial peptide ana-
logues of CAMEL0 also exhibit good in vitro activities against
a wide range of gram-positive and gram-negative anaerobic
microorganisms, which is in accordance with previous results
for the parent substance, CAMEL0 (11). The inhibitory effect
of CAMEL0 seems to be similar for all 60 strains when a
certain concentration is reached. The importance of the amino
acid histidine in the two most active peptides, CAMEL24 and
CAMEL42, remains to be clarified. The narrow range of activity
of the CAMEL analogues may be due to the mechanism of action
of the peptides, involving disruption of the plasma membrane. As
shown in Fig. 1, the curve is remarkably steep compared to those
for the conventional antibiotics; $50% of the strains were inhib-
ited by 2 mg/ml, and $90% of the strains were inhibited by 8
mg/ml. This implies that CAMEL0 has a wide range of activity
against anaerobic organisms.

The most appropriate method for assaying the antimicrobial
activities of peptides has been discussed previously (5). The
results of the present study show that the agarose dilution
method is an accurate method for susceptibility testing of pep-
tides with activities against anaerobic species. A disadvantage
of this method is that relatively large amounts of the antimi-
crobial agent are needed, and it is therefore preferable that
several strains be assayed simultaneously. In contrast, the in-
hibition zone assay requires only minimal amounts of peptide
and would be the method of choice when screening the activ-

ities of large numbers of antimicrobial peptides against a few
strains. Somewhat higher MICs were obtained by the agarose
dilution method compared to those obtained by the broth
microdilution method and the inhibition zone assay, which is in
accordance with the situation when the conventional agar di-
lution method is compared to the broth microdilution method
(39). High-quality agarose is the recommended medium for
peptide assays (5, 6). The agarose dilution method was further
validated by assaying the antimicrobial activity of cefoxitin and
comparing the results obtained by this method with those ob-
tained by the conventional agar dilution method. The results
indicate that agarose is a reliable test medium for assaying
antimicrobial activity.

The clinical applications of the CAMEL analogues are hard
to interpret due to the lack of pharmacokinetic studies with
antimicrobial peptides. In vivo experimental trials with synthe-
tic antimicrobial peptides describe intravenous injection (3, 9,
16, 28) and topical application (30, 37). Oral administration of
peptides in general is limited by the low level of bioavailability
due to degradation by enzymes in the gastrointestinal tract
and a lack of permeation through the intestinal mucosal
membranes (15). Research is ongoing to overcome delivery
problems for peptide drugs (12, 32). Treatment of C. difficile-
associated diarrhea with orally administered, poorly absorbed
antimicrobial agents like vancomycin may be considered topi-
cal or local treatment. There is an urgent need for new treat-
ment strategies for recurrent C. difficile infections. The anti-
microbial activities of the CAMEL0 hybrids against C. difficile
seems promising, although their stability in feces may be cru-
cial. The stability study with the fecal model showed that the
activity of the D form of temporin B lasted longer than the
activity of the L form in a fecal milieu. Previous studies have
shown that the D isomers are not only more resistant to hy-
drolysis by enzymes but are also more active than the L isomers
(24, 27). This is also in accordance with the higher level of
activity of D-CAMEL48 compared to that of L-CAMEL48
against the 60 anaerobic bacterial strains recorded in the
present study (Table 2).

Earlier studies on the activities of antimicrobial peptides
against anaerobic bacteria have focused on the activities of
protegrins, isolated from porcine leukocytes, against bacteria
associated with periodontitis, including Porphyromonas gin-
givalis, Prevotella intermedia, F. nucleatum, Actinobacillus acti-
nomycetemcomitans, and Capnocytophaga spp. (26, 27). Those
results as well as the results of the present study indicate a
possible use of peptides for the topical treatment of periodon-
titis, since topical delivery of antimicrobial peptides diminishes
the degradation problems associated with peptide drugs.

The results on peptide stability presented here, together
with those obtained by Merrifield et al. (24) and Miyasaki et al.
(27) suggest that the D isomers of peptides are more stable
than the L isomers, which is encouraging for further studies on
the in vivo activities of antimicrobial peptides with D configu-
rations. In conclusion, the results of the present study show
that CAMEL analogues have good in vitro activities against
anaerobic bacteria. These and other antimicrobial peptides
merit further investigation, especially investigations on their
bioavailabilities, toxicities, and stabilities, as treatments for
bacterial infections.
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