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Tyrocidines are cationic cyclodecapeptides from Bacillus aneurinolyticus that are characterized by potent antibacterial and anti-
malarial activities. In this study, we show that various tyrocidines have significant activity against planktonic Candida albicans
in the low-micromolar range. These tyrocidines also prevented C. albicans biofilm formation in vitro. Studies with the mem-
brane-impermeable dye propidium iodide showed that the tyrocidines disrupt the membrane integrity of mature C. albicans
biofilm cells. This membrane activity correlated with the permeabilization and rapid lysis of model fungal membranes contain-
ing phosphatidylcholine and ergosterol (70:30 ratio) induced by the tyrocidines. The tyrocidines exhibited pronounced synergis-
tic biofilm-eradicating activity in combination with two key antifungal drugs, amphotericin B and caspofungin. Using a Caeno-
rhabditis elegans infection model, we found that tyrocidine A potentiated the activity of caspofungin. Therefore, tyrocidines are
promising candidates for further research as antifungal drugs and as agents for combinatorial treatment.

In recent years, a rise in the frequency and diversity of human
fungal infections has been observed (1–3), with growing resis-

tance against conventional antifungal drugs also noted (1, 4–6).
Factors that are responsible for the development of fungal resis-
tance include the widespread use of broad-spectrum antibiotics
and an increase in the number of immunocompromised individ-
uals. This increase in the number of immunocompromised indi-
viduals results, for example, from immunosuppression treatment
of patients during transplant surgery, chemotherapy, or radio-
therapy and the HIV epidemic correlating to AIDS in HIV-in-
fected individuals (1, 5, 7). Candida species are major causative
agents of nosocomial infections in compromised individuals (8,
9). Candida albicans, which predominantly forms biofilms on bi-
otic surfaces (such as vaginal and oral mucosa [10]) and abiotic
surfaces (such as indwelling catheters [11]), is one of the most
commonly isolated species from patients with nosocomial infec-
tions (5, 8, 9, 12). Biofilms are microbial communities embedded
in a polymeric matrix. Biofilm formation on biological and/or
inert surfaces is usually the culprit behind the instigation of can-
didiasis, i.e., systemic infection with Candida (8, 13, 14). Further-
more, C. albicans biofilms have been shown to be particularly
resistant to antifungal agents commonly used to control fungal
infections, including amphotericin B and fluconazole (8, 15–17).

Amphotericin B (AMB) and caspofungin (CAS) are currently
two key drugs used for the treatment of fungal infections (18, 19).
AMB acts through the binding of its hydrophobic moiety to the
fungal sterol ergosterol, resulting in the formation of transmem-
brane channels and cytoplasmic leakage (18, 20, 21). However, the
severe side effects of AMB, such as nausea, vomiting, rigors, fever,
and nephrotoxicity, in some cases necessitates premature termi-
nation of AMB treatment (18). Furthermore, it is being observed
that more and more C. albicans isolates are resistant to AMB treat-
ment (22–24). CAS, a semisynthetic lipopeptide from the echino-
candin family, inhibits the synthesis of the major structural com-
ponent in fungal cell walls, 1,3-�-D-glucan (1, 14, 25). Although

CAS has a very good track record regarding side effects, with lim-
ited development of microbial resistance, resistance against CAS
has been observed (1, 25). Strains of C. albicans with mutations in
their (1, 3)-�-D-glucan synthase show resistance against caspo-
fungin in vitro (1). The rise in fungal pathogens that are resistant
to conventional treatments has driven the search for novel anti-
fungal compounds and treatments that simultaneously exhibit
specificity toward fungal cells and have a low potential for induc-
ing pathogen resistance. Combination drug treatment is a possible
solution for curbing the development of resistance against an in-
dividual compound. Combining antifungal compounds that act
synergistically against a pathogen(s) allows for lower drug dosage,
with a concurrent decrease in toxicity (9).

Antimicrobial peptides (AMPs) are the first line of immune
defense in most organisms (26, 27) and in recent years have been
considered potential alternatives/supplements to traditional anti-
fungal compounds (9). Tyrocidines are a group of cyclic decapep-
tides that together with the linear gramicidins form the secondary
metabolite peptide complex, tyrothricin, produced by Bacillus an-
eurinolyticus (previously known as Bacillus brevis) (28, 29). The
tyrothricin complex was one of the first antibiotic preparations to
be used as a topical antibiotic (30) (under the trade names Limex
and Tyrosur) and has been illustrated in several studies to have
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significant antibacterial (28, 31) and antimalarial (32) activities.
The primary structures of 28 tyrocidines and their analogues have
been determined and illustrated to have a highly conserved se-
quence (29). The tyrocidines relevant to this study share the pen-
tapeptide repeat of gramicidin S, Val-Orn-Leu-Pro-D-Phe (Table
1). So far, only tyrothricin (the tyrocidine-gramicidin metabolite
complex of B. aneurinolyticus) has been observed to have activity
against C. albicans (33).

To our knowledge, this is the first investigation on the activities
of the tyrocidines against planktonic and biofilm C. albicans cells.
We report the antiyeast, antibiofilm, and membrane activities of
the three major tyrocidines (tyrocidine A, B, and C) against C.
albicans. With a combinatorial treatment in mind, the tyrocidines
were also evaluated for a potential enhancing effect on the bio-
film-eradicating activity of AMB and CAS in vitro. A Caenorhab-
ditis elegans infection model was used to assess the in vivo efficacy
and toxicity of tyrocidine A in combination with CAS.

MATERIALS AND METHODS
Strains and media. The pathogenic C. albicans strain SC5314, which is
known to form robust biofilms, was used as the target strain for this study.
Overnight cultures were grown in YPD (1% yeast extract, 2% peptone,
and 2% glucose) or on YPD agar (1% yeast extract, 2% peptone, 2%
glucose, and 1.5% agar). Phosphate-buffered saline (PBS) (pH 7.4) was
prepared with NaCl (8 g/liter), KCl (0.2 g/liter), Na2HPO4 (1.44 g/liter),
and KH2PO4 (0.24 g/liter). C. albicans was grown in RPMI 1640 medium
with L-glutamine and without bicarbonate (pH 7.0) purchased from Sig-
ma-Aldrich (St. Louis, MO, USA).

Peptides. The tyrocidines were purified and analyzed for purity as
described previously. De novo sequencing using electrospray mass spec-
trometry by Vosloo et al. (34) and Spathelf (35) confirmed the identities of
the tyrocidines and analogues. All the tyrocidines (TrcA, TrcB, TrcC,
TpcC, and PhcA) used in this study had purities of �90% according to
ultraperformance liquid chromatography linked to high-resolution elec-
trospray mass spectrometry (see Table S1 in the supplemental material).
Gramicidin S (GS) (at 97.5% purity according to the manufacturer and
94% purity according to ultraperformance liquid chromatography-mass
spectrometry [UPLC-MS]) (see Table S1 in the supplemental material)
was supplied by Sigma (St. Louis, MO, USA).

Antiplanktonic yeast assays. The antiyeast activity of the Trc mixture
(a group of tyrocidines isolated from commercial tyrothricin), selected
tyrocidines, tyrocidine analogues, and gramicidin S (GS) was determined
using the standard protocol from CLSI document M27-A3 (36).

Biofilm prevention activity assays. The ability of the tyrocidines and
analogous peptides to prevent the formation of C. albicans biofilms was

determined using microdilution assays in 96-well microtiter plates (37).
C. albicans cells in RPMI 1640 medium (1 � 106 cells/ml) were incubated
with 0.78 to 100.0 �M tyrocidines (final ethanol concentration, 1%) for
24 h at 37°C. The control treatment was 1% ethanol in RPMI 1640 me-
dium. The biofilms were washed with PBS, and biofilm formation was
determined using CellTiter-Blue (Promega, Madison, WI) staining (38,
39). After 1-h incubation at 37°C, fluorescence was measured with a mul-
timode microplate reader, Synergy Mx (BioTek), at an excitation wave-
length of 535 nm and emission wavelength of 590 nm.

In vitro biofilm eradication assay. C. albicans biofilms were grown in
96-well microtiter plates in RPMI 1640 medium at 37°C (37). Subsequent
to a PBS wash step, the biofilms were incubated with tyrocidine (concen-
tration range, 1.6 to 200.0 �M) in RPMI 1640 medium (final ethanol
concentration, 1%) for 24 h at 37°C. One percent ethanol in RPMI 1640
medium served as the control treatment. The combined eradication ac-
tivity (i.e., loss of metabolic activity/viability of cells and/or removal of
cells from biofilm) of the tyrocidines and CAS/AMB was determined by
incubating 24-h-old biofilms with 0.04 to 5.0 �M either AMB (Sigma-
Aldrich, St. Louis, MO, USA) (0.036 to 4.6 �g/ml) or CAS (Merck, United
Kingdom) (0.049 to 6.1 �g/ml), in the absence or presence of either 1.8,
3.0, or 6.2 �M TrcA, TrcB, or TrcC (final ethanol concentration, 0.05%;
final dimethyl sulfoxide [DMSO] concentration, 0.05%), for 24 h at 37°C.
Biofilm survival was measured using CellTiter-Blue assays, and the BEC50

was defined as the concentration that resulted in 50% eradication of
24-h-old C. albicans biofilms compared to the growth control. The com-
binatorial activities of AMB/CAS and the tyrocidines were assessed by
statistically comparing the BEC50 values of AMB/CAS alone and in com-
bination with tyrocidines using Bonferroni’s multiple-comparison test, as
well as by determining the fractional inhibitory concentration index
(FICI) (40). The FICI was calculated using the equation FICI � (CA�B/
CA) � (CB�A/CB), where CA and CB are the BEC50s of the antifungal
compounds alone, and CA�B and CB�A are the BEC50s of the antifungal
compounds in combination. A FICI of �0.5 was interpreted as synergis-
tic, a FICI between 0.5 and 4.0 as indifferent, and a FICI of �4.0 as antag-
onistic (40).

Membrane permeability assays. The membrane-disrupting activities
of the tyrocidines on 24-h-old C. albicans biofilms were determined using
the membrane-impermeable dye propidium iodide from Sigma-Aldrich
(St. Louis, MO, USA). Day-old (24-h) C. albicans biofilms were prepared
as described for the biofilm eradication experiments. Subsequent to either
a 1-h treatment or 24-h treatment with tyrocidines (0.78 to 100.0 �M) at
37°C, the biofilms were washed with PBS and incubated with 1.5% pro-
pidium iodide in the dark for a further 20 min. Propidium iodide fluores-
cence was measured as described by Bink et al. (40), and the fluorescence
values of the samples were corrected with values obtained for untreated
biofilms. Triton X-100 (1%) served as a lytic control.

Peptide-induced calcein release from model large unilamellar vesicles
(LUVs) resembling fungal membranes were prepared as described previ-
ously (41, 42). The LUVs contained 80 mM calcein in 10 mM Tris buffer
containing 0.1 mM EDTA (pH 7.4) and consisted of a 70:30 ratio (mol/
mol) of 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) to ergosterol
(POPC was from Avanti Polar Lipids, Alabaster, AL, USA, and ergosterol
was from Sigma, St. Louis, MO, USA). The LUV suspension (25 �M final
concentration) was added to different concentrations of peptide (ranging
from 0.3 �M to 100 �M) in buffer (10 mM Tris, 0.1 mM EDTA, 154 mM
NaCl [pH 7.4]). The decrease in self-quenching as a function of time was
fluorometrically monitored on a Jasco FP-6500 spectrofluorometer (ex-
citation, 490 nm; emission, 520 nm) at 25°C. One hundred percent leak-
age was induced by adding 100 �l of a 10% (vol/vol) Triton X-100 solu-
tion. The percent leakage [F(%)] after 1 min was calculated by the
following formula 100(%) (I � I0)/(I100% � I0), where I is the intensity
observed in the peptide solution, and I0 and I100% are the fluorescence
intensities measured in the absence of peptide and in the presence of
Triton X-100, respectively (41).

TABLE 1 Summary of the tyrocidines and analogues used in this study

Peptide Abbreviation Sequenceb
Monoisotopic Mr

(theoretical Mr)
c

Tyrocidine A TrcA cyclo-(VOLfPFfNQY) 1,269.6515 (1,269.6546)
Tyrocidine B TrcB cyclo-(VOLfPWfNQY) 1,308.6610 (1,308.6655)
Tyrocidine C TrcC cyclo-(VOLfPWwNQY) 1,347.6713 (1,347.6764)
Phenycidine Aa PhcA cyclo-(VOLfPFfNQF) 1,253.6625 (1,253.6597)
Tryptocidine C TpcC cyclo-(VOLfPWwNQW) 1,370.6866 (1,370.6924)
Gramicidin S GS cyclo-(VOLfPVOLfP) 1,140.7067 (1,140.7059)

a Named by Vosloo et al. (34).
b Conventional one-letter abbreviations are used for amino acids, except that O was
used for ornithine. Lowercase one-letter abbreviations indicate D-amino acid residues.
The sequence data obtained from Tang et al. (29) and the identities were confirmed by
our group (34, 35).
c Detected monoisotopic Mr of peptides determined from purified peptides using high-
resolution time of flight-electrospray mass spectrometry (TOF-ESMS) (refer to Table
S1 in the supplemental material).
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Assay for determination of endogenous ROS. The induction of en-
dogenous radical oxygen species (ROS) was determined using the fluores-
cent dye 2=,7=-dichlorodihydrofluorescein diacetate (H2DCFDA) (Mo-
lecular Probes, Eugene, OR, USA). C. albicans biofilms were grown in
96-well microtiter plates in RPMI 1640 medium for 24 h and treated for 24
h with 0.78 to 100.0 �M tyrocidine. The biofilms were washed with PBS
and incubated for 1 h with 10.0 �M H2DCFDA and shaking at 37°C.
Fluorescence was measured with a multimode microplate reader, Synergy
Mx (BioTek) at an excitation wavelength of 492 nm and emission wave-
length of 525 nm (7). The relationship between endogenous ROS gener-
ation in C. albicans and tyrocidine antifungal activity was investigated
using the antioxidant ascorbic acid. The influence of 10.0 mM ascorbic
acid on the biofilm eradication and ROS induction activity of 100.0 �M
TrcA, TrcB, and TrcC was determined (43, 44). Citric acid served as a pH
control.

In vivo studies using a C. elegans model system. The toxicity of TrcA
and its combined effect on the activity of CAS in vivo were evaluated using
the C. elegans model system described by Breger et al. (45). The efficacy of
CAS alone or in combination with TrcA to increase the survival of C.
albicans-infected nematodes were evaluated over a period of 7 days. The
temperature-sensitive C. elegans 	glp-4 	sek-1 mutants were stored on
Escherichia coli strain OP50-covered NGM (0.25% Bacto peptone, 0.3%
NaCl, 1.7% agar) plates at 16°C. Prior to infection, the nematodes were
collected and treated with bleach in order to collect the eggs, which were
then incubated at 25°C so that all the nematodes reached the same growth
phase (L3 to L4) 4 days later for C. albicans infection and treatment stud-
ies. The nematodes were infected for 2 h with C. albicans at 25°C and
subsequent to transfer to pathogen-free medium were treated with 0.095
�M (0.12 �g/ml) CAS, 3.0 �M TrcA, and 0.095 �M CAS in combination
with 3.0 �M TrcA, or a combination of 0.5% ethanol and 0.5% DMSO as
a control. For the toxicity test, the nematodes were treated with 3.0 and 6.0
�M TrcA, and nematode survival was monitored for 7 days. The control
group received 0.5% ethanol. For both experiments, survival was calcu-
lated relative to the survival on day 0. An uninfected negative control was
also included to monitor nematode life span and survival under the ex-
perimental conditions. After 5 days, 95% of the uninfected worms sur-
vived, showing the nonlethal effects of the experimental conditions.

Data analysis. The minimum inhibitory concentration (MIC) of
planktonic cells and minimum biofilm prevention concentration (BIC)
were defined as the lowest concentrations of each that induced visible
inhibition (no visible growth) compared to the growth control. For sta-

tistical analyses of data, the dose-response assay data were analyzed with
GraphPad Prism 4.03 (GraphPad Software, San Diego, CA, USA) using
nonlinear regression to generate sigmoidal curves and the data normal-
ization function (range, 0 to 100%), if required (46). The concentrations
necessary to cause 50% growth inhibition (MIC50), biofilm eradication
(BEC50), and biofilm prevention (BIC50), compared to the growth con-
trol, were derived from the whole dose-response curves. The MICmax and
BICmax parameters were calculated as the x value at the intercept between
the slope and the top plateau of a full dose-response curve and represent
the concentrations necessary to cause total growth inhibition and biofilm
prevention, respectively, compared to the growth control (46). The pa-
rameters calculated from the full dose-response curves, MICmax and
BICmax, are therefore distinct from the minimum inhibition concentra-
tion values obtained from visual inspection of a dose-response result
(MIC and BIC).

GraphPad Prism 4.03 (GraphPad Software, San Diego, CA, USA) was
used for statistical analysis of the data. The analysis included 95% confi-
dence levels, the absolute sum of squares, standard error of the mean
(SEM), Student t tests, and one-way analysis of variance (ANOVA) using
Bonferroni’s multiple-comparison test.

RESULTS
Antifungal activities of tyrocidines against C. albicans plank-
tonic cells. The Trc mixture and the three pure major tyrocidines
(TrcA, TrcB, and TrcC) and their analogues (PhcA and TpcC)
(Table 1; see also Table S1 in the supplemental material) showed
potent activity against planktonic C. albicans in the micromolar
range (Table 2). The Trc mixture exhibited antifungal activity
against C. albicans, characterized by an MIC of 6.25 �g/ml (Table
2). Purified tyrocidines, TpcC, and the analogous peptide grami-
cidin S (GS) were characterized by their antifungal activities, with
MIC values of 6.25 �M, whereas phenycidine (PhcA) had a higher
MIC of 12.5 �M (Table 2). When we consider the inhibition pa-
rameters (MIC50 and MICmax) calculated from the full dose-re-
sponse curve for each peptide (46), PhcA was significantly less
active (P 
 0.001) than all the other peptides. All the other pep-
tides were found to have statistically similar activities, except for
TrcA being more active (P 
 0.05) than TrcC (Table 2).

TABLE 2 Summary of activity parameters for tyrocidines against C. albicansa

Compound MIC (MICmax)b MIC50
c BIC (BICmax)d BIC50

e BEC50
f

% biofilm eradication
at 200 �M

Trc mix 6.25* (5.99 � 0.26)* 3.72 � 0.25* 12.5* (11.3 � 0.67)* 8.30 � 0.43* 107 � 20* 81 � 3.3*
TrcA 6.25 (5.21 � 0.44) 3.19 � 0.31 12.5 (8.01 � 1.77) 5.68 � 0.71 145 � 23 64 � 4.8
TrcB 6.25 (6.25 � 0.00) 4.31 � 0.03 12.5 (10.6 � 0.32) 8.29 � 0.11 164 � 18 55 � 7.3
TrcC 6.25 (7.81 � 0.81) 4.65 � 0.05 25.0 (24.3 � 1.44) 17.4 � 0.20 133 � 6.3 74 � 3.3
PhcA 12.5 (12.5 � 0.00) 7.93 � 0.48 25.0 (25.6 � 2.54) 15.1 � 2.08 �200 41 � 3.5
TpcC 6.25 (5.99 � 0.26) 4.16 � 0.42 25.0 (18.4 � 3.33) 15.5 � 0.91 �200 28 � 5.4
GS 6.25 (6.77 � 0.52) 4.38 � 0.03 12.5 (8.55 � 0.57) 5.74 � 0.29 40.9 � 6.2 100 � 0.04
CAS 0.06 (0.06 � 0.00) 0.04 � 0.01 0.16 (0.10 � 0.01) 0.06 � 0.00 0.35 � 0.03 NDg

AMB 0.80 (0.79 � 0.03) 0.26 � 0.01 1.25 (0.82 � 0.13) 0.35 � 0.05 0.56 � 0.02 ND
a Each value represents the mean of �3 biological repeats, with 2 to 5 technical repeats per assay. The values are given in �M or, where indicated with an asterisk, �g/ml. Values in
parentheses are means � SEM.
b The MIC value is the lowest concentration in assay that resulted in visible C. albicans planktonic cell death compared to the growth control. MICmax values were calculated from
dose-response curves, according to Rautenbach et al. (46), for statistical analyses.
c Lowest concentration in assay that prevents 50% planktonic cell growth, as derived from dose-response curves for statistical analyses (46).
d The BIC value is the lowest concentration in assay that prevented visible biofilm formation compared to the growth control. BICmax values were calculated from dose-response
curves, according to Rautenbach et al. (46), for statistical analyses.
e Lowest concentration in assay that prevents biofilm formation by 50%, as derived from dose-response curves for statistical analyses (46).
f Lowest concentration in assay that eradicates 50% of the biofilm cells, as derived from dose-response curves for statistical analyses (46).
g ND, not determined.
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Activities of tyrocidines against C. albicans biofilm cells.
Apart from their activities against planktonic cells, the tyrocidines
and analogues were also able to prevent the formation of C. albi-
cans biofilms in vitro (Table 2). TrcA, TrcB, and GS exhibited
biofilm prevention activity, all characterized by a BIC value of 12.5
�M, whereas BIC values of PhcA, TpcC, and TrcC were 2-fold
higher (Table 2). When we consider the inhibition parameters
(BIC50 and BICmax) calculated from the full dose-response curve
for each peptide (46), these differences in activity were found to be
significant (P values, 
0.05 to 
0.001) (Table 2).

The tyrocidines and analogues failed to fully eradicate (remove
and/or kill) mature biofilms, and only the analogous GS achieved
100% eradication of 24-h-old C. albicans biofilms (Table 2). Al-
though TrcC exhibited lower fungicidal activity and biofilm pre-
ventive activity than those of the other two tyrocidines, it was
characterized by the highest biofilm eradication activity; at 200
�M, TrcC resulted in 74% � 3% eradication of the biofilm,
whereas TrcA and TrcB treatment of biofilms resulted in 64% �
5% and 55% � 7% eradication, respectively (values represent
means � SEM). Treatment of the biofilms with 200 �M PhcA or
TpcC did not result in �50% eradication of the biofilm.

Tyrocidines disrupt membrane integrity of biofilm cells. GS
is known to disrupt microbial membranes (47, 48), and the tyro-
cidines have been shown to disrupt the membranes of bacteria
(31, 49), erythrocytes (32, 50), and Neurospora organisms (51).
We assessed the potential fungal membrane-disrupting activities
of TrcA, TrcB and TrcC on in vitro-grown C. albicans biofilm cells
using the fluorescent membrane-impermeable dye propidium io-
dide (Fig. 1). We found that GS induced membrane permeabili-
zation of C. albicans biofilm cells at concentrations starting from
�6.25 �M, whereas membrane permeabilization is induced by
the tyrocidines from a threshold concentration of �12.5 �M
(Fig. 1). This correlated with their MICs and BICs (Table 1), with
a minor difference between the dose-dependent propidium iodide

fluorescence increase in established biofilms exposed to the tyro-
cidines for either 1 h or 24 h (see Fig. S1 in the supplemental
material). The higher tyrocidine concentrations required for bio-
film eradication (BECs) might indicate a degree of protection of
the cells from tyrocidine activity. The decrease in peptide-induced
propidium iodide fluorescence at higher GS concentrations cor-
responds with the biofilm eradication activity of GS (compare Fig.
1 and Table 2).

We confirmed the rapid membranolytic activity of the tyroci-
dines by monitoring the calcein release from lipid systems (LUVs)
mimicking fungal membranes (70:30 POPC-to-ergosterol ratio)
treated with these peptides. At 0.32 �M, the tyrocidines induced
slow calcein leakage (permeabilization), and at 3.2 �M, the pep-
tides led to rapid (within about 5 s) and total lysis of 25 �M
POPC-to-ergosterol liposomes (Fig. 2). For more detail on the
tyrocidine activity on model membranes, refer to Troskie (52).

These data strongly indicate that fungal membranes are tar-
geted by the tyrocidines, as they compromise the membrane in-
tegrity of both model fungal membranes and mature C. albicans
biofilm cells.

Induction of endogenous reactive oxygen species by tyrocid-
ines. Various antifungal molecules are known to induce the accu-
mulation of ROS in susceptible yeast and fungal species (7, 43, 44).
Significant accumulation of endogenous ROS, indicated by the
fluorescent dye H2DCFDA, in C. albicans biofilm cells was ob-
served subsequent to 24-h treatment with TrcA, TrcB, and TrcC
compared to the untreated cells (Fig. 3). Ascorbic acid at 10 mM
significantly decreased the presence of endogenous ROS in C. al-
bicans biofilm cells, as it acts as an ROS scavenger (40), but this did
not lead to a decrease in the biofilm-eradicating activities of 100.0
�M TrcA, TrcB, and TrcC (Fig. 3). However, surprisingly, ascor-
bic acid significantly (P 
 0.01) enhanced the activity of the two
less-active peptides, TrcA and TrcB. The reason for this is unclear
but might point to a subtle difference between TrcC and the less
bulky and more hydrophobic TrcA and TrcB.

Potentiating of antibiofilm activity of CAS and AMB by tyro-
cidines. Combination drug therapy might limit resistance; there-

FIG 1 Percent propidium iodide (PI) fluorescence induced by TrcA, TrcB,
TrcC, and GS on 24-h C. albicans biofilms with 1% Triton X-100 as reference
for 100% lysis. The biofilms were incubated for 24 h with peptide prior to PI
staining. Fluorescence values were corrected with those obtained from un-
treated cells. Each data point represents the mean of �8 to 10 repeats �
standard error of the mean (SEM). According to one-way ANOVA with Bon-
ferroni’s multiple-comparison test, the fluorescence induced by GS is signifi-
cantly higher than that of TrcA, TrcB, and TrcC from concentrations of �6.2
�M (***, P 
 0.001). There were no significant differences between the fluo-
rescence values induced by TrcA, TrcB, and TrcC.

FIG 2 Representative dequenching kinetics of calcein fluorescence via per-
meabilization induced by tyrocidines in large unilamellar vesicles consisting of
POPC and ergosterol (70:30 ratio). The lipid concentration was 25 �M, and
the concentration of TrcA ranged from 0.16 �M to 3.2 �M in buffer (10 mM
Tris, 0.1 mM EDTA, 154 mM NaCl [pH 7.4]). The vertical dotted line shows
the 5-s period needed for total lysis by 3.2 �M TrcA. After approximately 4
min, total dequenching was induced by adding Triton X-100.
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fore, we assessed combinations of the three major tyrocidines
(TrcA, TrcB, and TrcC) with commonly used antimycotics,
namely, caspofungin (CAS) and amphotericin B (AMB), in bio-
film eradication assays. In combination, TrcA, TrcB, and TrcC
significantly increased the biofilm eradication activities of both
CAS (Fig. 4) and AMB (Fig. 5). The presence of 1.8 to 6.3 �M
TrcA, TrcB, or TrcC decreased the BEC50s (concentration needed
to eradicate 50% of biofilm) of CAS (0.35 �M/0.42 �g/ml) and
AMB (0.56 �M/0.52 �g/ml) up to 12- and 9-fold, respectively.
Furthermore, our results show that although the tyrocidines alone
have only moderate biofilm-eradicating activities (BEC50 � 100
�M; Table 2), 1.8 to 6.3 �M TrcA, TrcB, or TrcC in combination
with CAS or AMB displayed synergistic activity with regard to the
eradication of mature biofilms (Table 3). The calculated FICI val-
ues of both AMB and CAS, in combination with the tyrocidines,
were well below 0.5, at 0.10 to 0.42, pointing toward pronounced
synergistic activity (40) (Table 3). From the FICI values, it was also
observed that the tyrocidines have a slightly greater effect on the
activity of CAS (FICI, 0.10 to 0.35) than on the activity of AMB
(FICI, 0.14 to 0.42) (Table 3). These data indicate that combina-
tion therapy using coadministration of the tyrocidines and CAS or
AMB might be effective in curing biofilm-associated infections.

In vivo activity of TrcA with CAS. TrcA and CAS were chosen
because of their promising FICI values (Table 3) to evaluate their
combined antibiofilm activity in vivo using the C. elegans-C. albi-
cans infection model system, as described by Breger et al. (45). We
performed dose-response experiments with TrcA and CAS to de-
termine the TrcA and CAS concentrations that were ineffective
(
10% survival) in curing C. elegans infected with C. albicans
compared to the control treatment (data not shown). Five days
after infection with C. albicans, only 4% � 2% (mean � SEM) of
the C. albicans-infected nematodes survived. The survival rates of
nematodes treated with 3.0 �M TrcA (3% � 1% survival) or 0.095

�M (0.12 �g/ml) CAS (10% � 5% survival) were similar to the
survival rates of the untreated nematodes (Fig. 6). A single treat-
ment of infected nematodes with a combination of 3.0 �M TrcA
and 0.095 �M CAS significantly increased the survival of the nem-
atodes to 23% � 2% at 5 days postinfection and treatment com-
pared to treatment with 3.0 �M TrcA or 0.095 �M CAS alone or
control treatment (0.6% DMSO). This combination gave a similar
nematode survival rate as treatment with double the CAS dose,
namely, 0.19 �M (0.23 �g/ml) CAS, which led to 27% � 3%
survival. Although 0.19 �M CAS led to significant nematode sur-
vival, a single treatment with the combination of 3.0 �M TrcA and
0.19 �M CAS again almost doubled the nematode survival rate to
42% � 3% after 5 days (Fig. 6). These data indicate that TrcA also
enhances the in vivo activity of CAS in the C. elegans infection
model.

DISCUSSION

Tyrocidines have a highly conserved sequence, differing in some
cases in one amino acid residue only. The major tyrocidines have
the basic sequence cyclo-(f1P2X3x4N5Q6Y7V8X9L10), and the rele-
vant tyrocidines vary in only two possible residue positions, Trp3,4

or Phe3,4, in the aromatic dipeptide unit (lowercase letters in the
sequence indicate D-amino acid residues [Table 1]). The two tyro-
cidine analogues in this study, PhcA (a phenycidine) and TpcC (a
tryptocidine), have a Phe7 and Trp7, respectively, instead of the
Tyr7 found in the major tyrocidines (refer to Table 1).

The Trc mixture and individual tyrocidines relevant to this
study exhibited significant antiyeast activity against planktonic C.
albicans cells. Except for PhcA, the minor differences in their se-
quences did not appear to significantly influence their fungicidal
activity. Since PhcA has the highest hydrophobicity, the lower
activity observed for PhcA might be ascribed to peptide aggrega-
tion or alternatively point to the role of a residue with hydrogen-
bonding character, such as Tyr or Trp, in residue position 7.

Greater variance in the activities of the individual peptides was
observed with regard to their ability to prevent biofilm formation.
It seems that in terms of their biofilm prevention activity, a Phe4

instead of a Trp4 as an aromatic amino acid residue is preferred.
These aromatic amino acid residues have a substantial influence
on the hydrophobicity of tyrocidines and concurrently contribute
to the ability of tyrocidines to be involved in membrane partition-
ing (53, 54). It has been illustrated that Phe has a greater propen-
sity to insert itself more deeply into the membrane (55, 56). How-
ever, since the membrane disruptive activities of TrcA and TrcC
are similar (Fig. 6), the observed variation in activity may not be
membrane related. The presence of a Tyr7 (tyrocidine) instead of,
for example, a Phe7 (as in phenycidine A) or Trp7 (as in tryptoci-
dine C) also appears to be advantageous for the biofilm-eradicat-
ing activity of the tyrocidines. It has been proposed that a higher-
order structure is the active conformation of the tyrocidines (35,
54, 57). Consequently, it might be that the more hydrophobic
TrcA and TrcB with Phe4 instead of a Trp4 favors the formation of
more active higher-order structures, such as dimers.

In terms of the biofilm-eradicating activity of the major tyro-
cidines, it would seem as if the Tyr7 amino acid residue is key to
higher activity. Sequence-wise, PhcA and TpcC differ from TrcA
and TrcC, respectively, in only one residue, namely, a Phe7 or Trp7

instead of a Tyr7 (90% sequence identity). Tyrosine differs from
phenylalanine in only an OH group, but this difference makes
tyrosine amphipathic, dipolar, and ionizable (pKa � 10.07). Phe-

FIG 3 ROS induction in mature C. albicans biofilms treated for 24 h with 100
�M TrcA, TrcB, and TrcC prior to staining with H2DCFDA. The influence of
10 mM ascorbic acid (AA) on the ability of the tyrocidines to eradicate biofilms
and induce endogenous ROS was determined. According to the Student t test,
the ROS induced in the presence of 10 mM ascorbic acid is significantly less
($$$, P 
 0.001) than in its absence. There was significant enhancement in the
biofilm eradication activity in the presence of ascorbic acid for TrcA (**, P 

0.01) and TrcB (***, P 
 0.001). The experiment was performed in quadru-
plicate (the bars indicate means and SEM), and citric acid served as a pH
control.
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FIG 4 Representative dose-response curves of CAS biofilm eradication activity (I) and comparison of BEC50s of CAS (II) in the absence and presence of TrcA
(A), TrcB (B), and TrcC (C). Each data point represents the mean of triplicate biological repeats � SEM, with triplicate technical repeats per assay. According to
one-way ANOVA with Bonferroni’s multiple-comparison test, the BEC50s of CAS were significantly (***, P 
 0.001; **, P 
 0.01) lower in the presence of 1.8,
3.0, and 6.2 �M TrcA, TrcB, and TrcC.
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FIG 5 Representative dose-response curves of AMB biofilm eradication activity (I) and comparison of BEC50s of AMB (II) in the absence and presence of TrcA
(A), TrcB (B), and TrcC (C). Each data point represents the mean of triplicate biological repeats � SEM, with triplicate technical repeats per assay. According to
one-way ANOVA with Bonferroni’s multiple-comparison test, the BEC50s of AMB were significantly (***, P 
 0.001) lower in the presence of 1.8, 3.0, and 6.2
�M TrcA, TrcB, and TrcC.
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nylalanine and tryptophan are less-polar amino acids than ty-
rosine (Tyr � Trp �� Phe) (58). The three aromatic amino acids
also differ in their hydropathies (Phe, 2.8; Trp, �0.9; Tyr, �1.3)
(58). It might be that the Tyr residue has just the right chemical
properties for target interaction and activity. As was mentioned
above, it has been hypothesized that in order to form amphipathic
structures for activity, the tyrocidines require the formation of
higher-order structures, such as dimers (35, 54, 57). From our
handling of the peptides, we found that PhcA exhibits a high ten-
dency to aggregate in solution, while the tendency of TpcC to
aggregate is lower than those of the major tyrocidines, leading to
either loss of activity due to solubility or less formation of active
amphipathic structures. The significantly higher activity of GS
(Table 2) points out the importance of the VOLfP pentapeptide
moiety in terms of biofilm-eradicating activity. This pentapeptide
moiety, shared by the tyrocidines relevant to this study, has also
been linked to an increase in membrane activity (32).

Studies with the membrane-impermeable dye propidium io-

dide illustrate that the activities of TrcA, TrcB, and TrcC similarly
lead to a concentration-dependent loss in the integrity of C. albi-
cans biofilm cells (Fig. 1). This membranolytic activity of the tyro-
cidines was also illustrated with model fungal membranes as tar-
gets (Fig. 2). The loss in C. albicans membrane integrity is in all
probability the result of direct peptide-membrane activity result-
ing in cell death (Fig. 1 and 2; see also Fig. S1 in the supplemental
material), as the membranolytic activity of the tyrocidine has been
illustrated by a number of investigators (31, 32, 49, 50, 51, 52, 54).
The membrane activity of the tyrocidines is not as potent as that of
GS (Fig. 1) containing two VOLfP pentapeptide moieties, high-
lighting the association between the VOLfP sequence and mem-
brane activity. As TrcA, TrcB, and TrcC exhibit membrane activity
against C. albicans biofilm cells, this is an indication that mem-
branes remain a major tyrocidine target. It remains to be eluci-
dated if they also target an internal target subsequent to mem-
brane permeabilization, especially at lower concentrations.

Although tyrocidine activity induced ROS formation in a con-
centration-dependent manner similar to that of propidium iodide
fluorescence, the addition of the antioxidant did not influence the
activities of the tyrocidines. Therefore, it would seem as if tyroci-
dine-induced ROS is a secondary result of tyrocidine activity and
not essential for their antifungal activity. A clear correlation can be
observed between the propidium iodide and ROS fluorescence
induced by the tyrocidines (compare Fig. 1 and Fig. S2 in the
supplemental material), which points to the possibility that
the observed ROS induction is a result of the membrane disruptive
activity of the tyrocidines. However, it must also be kept in mind
that ascorbic acid is specific to certain ROS species. Although the
total ROS is reduced in the presence of 10 mM ascorbic acid, a
small percentage of ROS still remains (Fig. 3). It might therefore
be that these remaining ROS species are responsible for the activ-
ities of the tyrocidines. However, a significant increase (P 
 0.01)
in the biofilm eradication activities of TrcA and TrcB was found in
the presence of ascorbic acid. It is possible that the formulation of
the two additional hydrophobic cationic tyrocidines, with the
high-concentration ascorbic acid as a possible chaotropic agent,
led to less detrimental aggregation and stabilization of more active
structures.

The significant decrease in the BEC50 values for CAS and AMB
when applied to biofilms in combination with the tyrocidines
(Fig. 4 and 5), together with the decrease in FICI values (Table 3),
unmistakably points to overt synergistic activity. The results of the
propidium iodide studies indicate that the tyrocidines disrupt the

TABLE 3 Summary of activity parameters for AMB and CAS in combination with TrcA, TrcB, and TrcC against 24-h-old C. albicans biofilmsa

Tyrocidine
concn
(�M)

Plus TrcA Plus TrcB Plus TrcC

AMB CAS AMB CAS AMB CAS

BEC50 (�M)b FICIc BEC50 (�M) FICI BEC50 (�M) FICI BEC50 (�M) FICI BEC50 (�M) FICI BEC50 (�M) FICI

6.2 0.11 0.25 0.04 0.11 0.06 0.14 0.03 0.15 0.21 0.34 0.15 0.12
3.0 0.12 0.23 0.04 0.10 0.14 0.27 0.04 0.12 0.17 0.28 0.06 0.15
1.8 0.22 0.41 0.06 0.18 0.22 0.42 0.06 0.19 0.22 0.35 0.13 0.35
0 0.56 1.00 0.35 1.00 0.56 1.00 0.35 1.00 0.56 1.00 0.35 1.00
a Each value represents the mean of �3 biological repeats, with 2 to 5 technical repeats per assay � standard error of the mean (SEM).
b The BEC50 value, derived from a full dose-response curve, represents the concentration AMB or CAS at which 50% eradication was achieved in the presence of a constant
tyrocidine concentration. The AMB and CAS dose-response concentration ranges were 0.04 to 5.0 �M and 0.02 to 2.5 �M, respectively.
c The fractional inhibitory concentration index (FICI) was calculated using the BEC50 obtained for combinatorial treatment and the BEC50 values for the individual compounds
(Table 2).

FIG 6 Comparison of C. albicans-infected nematode survival 5 days posttreat-
ment with either 3 �M TrcA, 0.095 �M/0.19 �M CAS, or a combination of 3
�M TrcA and 0.095 or 0.19 �M �M CAS. Statistical analysis was done using
one-way ANOVA with Bonferroni’s multiple-comparison test. Each bar rep-
resents the average of 3 to 6 repeats � SEM. There was no toxicity observed for
6.0 �M TrcA 5 days posttreatment, and the EC50 (concentration at which 50%
of the nematodes died) was determined to be 25 �M TrcA. ns, not significant.
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membrane integrity of C. albicans biofilm cells. At 6.25 �M, TrcA
leads to only about 5% propidium iodide (PI) uptake, which
might result in an increased accumulation of the antifungal drug
into the cell by the increased membrane permeability. However,
the 1.8 and 3.13 �M TrcA and 1.8 to 6.25 �M TrcC and TrcB,
which were used to enhance CAS and AMB activities, did not
induce overt membrane permeabilization (Fig. 1), indicating that
the enhancement of the activity of CAS and AMB against mature
C. albicans biofilms may be independent of membrane permeabi-
lization at these concentrations. Since AMB and the tyrocidines
both target cell membranes (18, 20, 21, 31, 49, 51, 54), competi-
tion for this target might explain why higher synergism was ob-
served for CAS (Fig. 4) than for AMB (Fig. 5). Nevertheless, fur-
ther studies will need to be conducted to draw definite conclusions
regarding the mode of synergism between the tyrocidines and
CAS/AMB.

The in vivo study regarding the potentiating effect of TrcA on
the in vivo activity of CAS in a C. elegans infection model showed
that at a concentration of 3 �M, TrcA significantly enhanced the
survival of C. albicans-infected nematodes treated with 0.095 �M
�M CAS (Fig. 6). Furthermore, there was no toxicity for the nem-
atodes observed for TrcA up to a concentration of 6 �M. These
results reveal the potential of tyrocidines as candidates for further
studies as antifungal drugs, especially as potentiating compounds
to be used in combination with other antifungal drugs, such as
AMB and CAS.

In conclusion, as with the other target cells (31, 49, 51), the
tyrocidines probably disturb the integrity of C. albicans cell mem-
branes, limiting resistance potential. Another study showed the
broad spectrum and potent activity against filamentous fungi (M.
Rautenbach, A. De Beer, A. M. Troskie, and J. A. Vosloo, 2013,
PCT patent, WO 2013150394 A1) and indicated that fungi may
share a tyrocidine target, which was proposed to be the fungal
membrane (52). If there is an alternative/additional target to the
membrane target, to further lower resistance potential, it remains
to be discovered in future studies. Since this study focused on one
clinical C. albicans isolate only, strain SC5314, future investiga-
tions of the most active tyrocidines against other Candida isolates
will be beneficial to further elucidate strain sensitivity, as to deter-
mine the possibility of resistance, and its clinical relevance as an
antifungal lead compound.

The tyrocidines have been used as a topical antibiotic since the
1940s (30), and even though hemolytic activity and mammalian
cell toxicity have been observed (32, 50), they have been shown to
protect mice from Pneumococcus when administered orally (59)
and have been used orally for years in throat lozenges (i.e., Ty-
rozets). The antimalarial activity of intravenous tyrocidine (con-
tained in tyrothricin) was observed to rival that of quinine when
tested in chickens infected with Plasmodium gallinaceum (60).
These applications showed the potential of tyrocidines for treating
bacterial and parasitic infections, but this current study highlights
the significant fungicidal and biofilm prevention activities of the
tyrocidines against C. albicans, indicating that they have the po-
tential to serve as lead compounds for novel antifungal com-
pounds. The significant synergistic effect of the tyrocidines on the
biofilm eradication activity of AMB and CAS in vitro, as well as the
potentiating effect of TrcA on the remediating activity of CAS in
vivo, represent promising evidence for the potential of combina-
tion treatment that will not only decrease the toxicity of the indi-
vidual compounds but will also decrease the likelihood of resis-

tance developing against the individual compounds. The
tyrocidines therefore have the potential to be used clinically as
topical and oral antifungal preparations, but modification and/or
formulation are necessary if they are to be considered for intrave-
nous and systemic application.
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