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Abstract: Recently two peptides isolated from the Cuban freshwater snail Pomacea poeyana (Pilsbry,
1927) were described to have antimicrobial activity against bacterial pathogens. Here we show
considerable activities of Pom-1 and Pom-2 to reduce the viability of C. albicans, C. parapsilosis and
the less common species C. auris measured as the decrease of metabolic activity in the resazurin
reduction assay for planktonic cells. Although these activities were low, Pom-1 and Pom-2 turned
out to be highly potent inhibitors of biofilm formation for the three Candida species tested. Whereas
Pom-1 was slightly more active against C. albicans and C. parapsilosis as representatives of the more
common Candida species Pom-2 showed no preference and was fully active also against biofilms of
the more uncommon species C. auris. Pom-1 and Pom-2 may represent promising lead structures
for the development of a classical peptide optimization strategy with the realistic aim to further
increase antibiofilm properties and other pharmacologic parameters and to generate finally the first
antifungal drug with a pronounced dedication against Candida biofilms.
Keywords: antimicrobial peptide; Candida species; biofilm

iations.
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Although generations of microbiologists regarded the traditional microbiological cultivation in Erlenmeyer-flasks as the most preferable condition for their research organisms,
biofilms formed on different materials as substrates are by far the most relevant and the
“normal” lifestyle for microorganisms in general [1]. This is in principle also the case for all
relevant pathogenic bacteria and lower eukaryotes. Estimations exists that biofilms may be
associated with 65% of hospital acquired infections and may account for more than 80%
of all microbial infections [2–4]. Almost undisputed is a key feature of microbial biofilms
which has been recognized as a significant increase of resistance to chemical and physical
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stresses, qualifying them as a major thread in clinical environments and their treatment as
a socio-economical challenge for health systems [5,6]. Fungi of the genus Candida represent
a class of highly important pathogens with the commensal yeast C. albicans probably being
the most abundant and common species in clinical fungal infections [7]. In their life a
majority of women of 75% will suffer from Candidiasis and 85–95% of these infections in
this group of patients are caused by C. albicans [8]. However the leading role of C. albicans
in invasive infections is decreasing in the last decades and other Candida species increase in
accounting for infections [9–11]. Among them Candida parapsilosis is relevant, as it is able to
form persistent biofilms on catheters, medically implanted devices and all abiotic or biotic
surfaces in medical care units, thus posing severe threads to the patients especially after
invasive surgery. In addition, C. parapsilosis is perfectly nourished by total parenteral nutrition of patients, thereby representing a more then considerable risk for undernourished
children and low-birth-weight neonates [9,11–14]. Furthermore, several clinical isolates
of this species have been reported to lose susceptibility to important classes of antifungal
drugs, which poses severe limitations to efficient treatment regimes [15–18].
Candida auris, however, is a more recently discovered pathogenic yeast and thus probably one of the most uncommon Candida which was first isolated in 2009 from a Japanese
patient [19]. C. auris can cause severe bloodstream infections in hospitalized patients and
can lead to remarkably high mortalities between 35% and 60% [20,21]. Special threat
arises from the fact that strains of C. auris with multiple drug-resistances (probably by
upregulation of ABC-type efflux pumps [22]) against prominent antifungal drugs have
occurred independently in different countries/continents worldwide [23]. Thus, both, the
U.S. center for disease control (CDC) and the European center for disease control (ECDC)
have released clinical alerts, initiating also a broad public discourse, identifying C. auris as
an emerging “superbug” [24]. Multi-drug resistance of C. auris against classical antifungal
drugs like fluconazole or amphotericin B has been discussed to be caused by the activity of
ABC-type MFS (major facilitator superfamily) efflux pumps [22], which are even overexpressed in C. auris when living in biofilms [25]. Based on these reports, biofilm formation
and the resulting increase of physiological robustness can be regarded as a key feature of
virulence by common, as well as by uncommon Candida species to successfully establish
their full pathogenic potential in combination with resistance against classical fungicides.
Currently, no biofilm-specific drugs exist today for Candida species or any other microbe,
making treatment of biofilm-based infections particularly problematic [26]. In our opinion,
systematic studies to isolate specific anti-biofilm drug molecules against Candida species
are currently far from being common in the scientific community but they are urgently
needed. They could represent the scientific foundation for the development of a completely
new piece of munition in the fight against pathogenic microbes in general based on the
novel activities against their biofilms. Simplified to the extreme the formation of elaborate
microbial biofilms can be divided into only four phases, the attachment of planktonic cells
to the future biofilm substratum, the assembly of cells and the subsequent growth into
microcolony like structures, the development of species-specific mature architectures of
the biofilm and finally the release of the previous biofilm cells into the planktonic phase
(Figure 1).
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Figure 1. Schematic overview of a typical Candida biofilm and stages of action for Pom-1 and Pom-2
Figure 1. Schematic overview of a typical Candida biofilm and stages of action for Pom-1 and
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ceptibility testing of yeast [40] with rapid resazurin based measurements of cell viability
for assessing the toxicity of fungicides [39] thereby replacing the simple optical inspection
and ranking of turbidity by the more sensitive fluorescence measurement of resorufin in
the latter assay. In this assay performed with planktonic cells of the respective yeasts the
peptide Pom-1 delivered semi-inhibitory concentrations for planktonic cell viability (IC50P)
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values of 8.5 µg/mL for C. auris 13.8 µg/mL for C. albicans and 36.9 µg/mL for C. parapsilosis
with a generally only moderate activity but with a slight preference for C. auris (Figure
2a,c). With IC50P values of 8.4 µg/mL for C. auris 9.3 µg/mL for C. albicans and 7.5 µg/mL
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2.1. Activity against Planktonic Cells
Antifungal testing was done in this study by an assay combining the classical susceptibility test according to the Clinical and Laboratory Standards Institute (NCCLS) M27-A2
approved standard protocol as a reference method for broth dilution antifungal susceptibility testing of yeast [40] with rapid resazurin based measurements of cell viability for
assessing the toxicity of fungicides [39] thereby replacing the simple optical inspection
and ranking of turbidity by the more sensitive fluorescence measurement of resorufin
in the latter assay. In this assay performed with planktonic cells of the respective yeasts
the peptide Pom-1 delivered semi-inhibitory concentrations for planktonic cell viability
(IC50P ) values of 8.5 µg/mL for C. auris 13.8 µg/mL for C. albicans and 36.9 µg/mL for
C. parapsilosis with a generally only moderate activity but with a slight preference for
C. auris (Figure 2a,c). With IC50P values of 8.4 µg/mL for C. auris 9.3 µg/mL for C. albicans
and 7.5 µg/mL for C. parapsilosis the overall activity of Pom-2 was comparable but with
almost identical courses of the curves (Figure 2b,d). Although the IC50P values appeared to
suggest promising activities for both peptides, the inhibition was incomplete with viabilities approximating 13% for Pom-1 and 8% for Pom-2 for C. auris as the most susceptible
species in our set of pathogenic yeasts even at very high drug concentrations of 150 µg/mL.
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2.2. Anti-Biofilm Activity
Only moderate activities against planktonic cells has also been described for a set
of derivatives a snail derived natural antimicrobial peptide, which turned out to possess
remarkable capabilities to inhibit the biofilm formation of C. auris probably based on a yet
so far uncharacterized additional activity at very low concentrations of the peptides [37].
The inhibiting activity of classical antimicrobial peptides is directed (and usually
characterized) against free-floating planktonic cells. However, probably the more important
microbial lifestyle in fact can be considered to be the biofilm, especially in the case of
pathogenic microbes during their interaction with host tissues deciding their success to
establish their full pathogenic potential in the onset of an infection [4,6,26,41,42]. Although
the importance of anti-biofilm drugs has already been recognized in the early times of
biofilm research dedicated compounds against Candida species or any other microbe have
been and are still awaiting their discovery keeping treatment of biofilm-based infections
particularly problematic [26].
The activity against planktonic cells was at most moderate, however, when Pom-1 and
Pom-2 were tested in an experimental setup in which cells were allowed to form biofilms on
the polystyrene surface of microtiter plates in the presence of increasing concentrations of
the peptides both showed the desired antibiofilm activity. The development of biofilms was
drastically reduced for all Candida species. The peptide Pom-1 showed a slight preference
towards C. albicans and C. parapsilosis leading to a reduction of biofilm mass to 12% and 7%
already at concentrations of 10 µg/mL whereas the susceptibility of C. auris diminished
resulting in a biofilm reduction to only 28% for this concentration. Interestingly, in contrary,
in the viability assay Pom-1 performed best against C. auris planktonic cells. This finding
is a remarkable parallel to derivatives of a peptide from the coastal mollusk Cenchritis
muricatus which also failed as antimicrobial peptides against C. auris planktonic cells but
efficiently could inhibit biofilm formation [37]. Nevertheless, the respective semi-inhibitory
concentration for biofilm inhibition (IC50 Biofilm ) of Pom-1 were 4.2 µg/mL for C. auris,
4.6 µg/mL for C. albicans and 3.1 µg/mL for C. parapsilosis (Figure 3a). The second peptide
Pom-2 also inhibited biofilm formation of all Candida sp. with IC50B of 2.2, 1.9, 1.5 µg/mL
for C. auris, C. albicans and C. parapsilosis, but unlike Pom-1 it lacked the difference between
the efficiencies against individual species and was fully active also against C auris with
reductions of the final biofilm masses down to 16% for C. auris, 15% for C. albicans and
10% for C. parapsilosis at peptide concentrations of 10 µg/mL (Figure 3b). Both, Pom-1
and Pom-2 appear to be more active in inhibiting biofilm formation than in reducing the
viability of planktonic cells which became manifest in the comparison of the respective
IC50 values for both processes. Consistently the activities against biofilms were elevated
for all Candida species with a minimum of a 2-fold higher Pom-1 activity against C. auris
biofilms up to a 12-fold increase for Pom-2 against C. parapsilosis (Figure 3c).
The inhibitory effects of both peptides, Pom-1 and Pom-2, on early-stage biofilms
were unexpectedly pronounced and positive especially with respect to their extremely
limited activity towards planktonic cells. The molecular mode of action needs to be
further elucidated for Pom-1 and Pom-2 to define to which already known models of pore
formation [31] they belong. Nevertheless, one possible explanation for the observed biofilm
preference or potentially existing specialized activity on biofilm cells may arise from the socalled charged lipid clustering. In this model of helical peptides accumulate at the surface of
membranes and induce clustering of anionic lipids resulting in membrane depolarization
and the slow leakage of intracellular content [31,43]. As a side effect of this peptide
accumulation on cell surfaces and the alterations in charge distribution drastic effects on
the physico-chemical properties of the cell surface with consequences for early events in
biofilm formation like cell aggregation, their attachment to the substratum and their growth
into microcolonies must be expected. This would probably allow developing optimized
peptides with pronounced anti-biofilm properties as lead structures for a potentially new
class of specific anti-biofilm drugs. An interesting study in this context identified a peptide
from the South American rattlesnake Crotalus durissus terrificus which combined activities
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3. Conclusions
The antimicrobial peptides Pom-1 and Pom-2 from the Cuban freshwater snail Pomacea
poeyana (Pilsbry, 1927) have been shown to moderately reduce viability of C. auris, C. albicans
and C. parapsilosis cells. Despite these limited activities against planktonic cells both peptides
were potent inhibitors of biofilm formation with IC50 values between 1.5–4.6 µg/mL. This
may qualify the peptides as lead structures for the first biofilm specific fungicide in the future.
4. Materials and Methods
4.1. Cultivation of Candida Species
Candida auris was purchased from DSMZ (DSMZ-No. 21092), C. albicans (ATCC 90028)
and C. parapsilosis (ATCC 22019) were obtained from the Laboratory of Medical Mycology,
IPK. The Candida species grown on YPD Agar (1% w/v yeast extract, 2% w/v peptone,
2% w/v glucose, 1.5% Agar). For suspension cultures 10 mL YPD medium in a 100 mL
Erlenmayer flask was inoculated with a single colony and grown at 37 ◦ C and orbital
shaking at 150 rpm. Agar plates containing glucose (40 g/L), peptone (10 g/L) and agar
(15 g/L) and were adjusted to a pH of 5.6.
4.2. Peptide Synthesis
Peptides were Produced by Solid Phase Synthesis as described in Gonzalez Garcia et al.,
2020 [38].
4.3. Viability Tests and Quantification
For Candida species, the minimal inhibitory concentration (MIC) of Pomacea 1 and 2
and the viability of the yeasts was determined according to the “Clinical and Laboratory
Standards Institute” guidelines M27-A3 broth microdilution assay. In brief, 2.5 × 103 yeast
cells were seeded in 200 µL RPMI-1640 medium supplemented with L-glutamine in a

Pathogens 2021, 10, 496

7 of 9

flat bottomed, 96-well polystyrene microtiter plates (Sarstedt AG & Co. KG, Nümbrecht,
Germany) and incubated at 37 ◦ C with agitation at 900 rpm on an Eppendorf shaker. The
effect of the different Pomacea derivatives Pom-1 and Pom-2 on the cell viability was
tested in the presence of the peptides at different concentrations. The cell viability was
quantified by a resazurin assay according to Patricia Bi Fai et al. [39]. The cells were
incubated with 100 µL resazurin with a concentration of 12 µg/mL for 40 min. Viable cells
reduces resazurin to the fluorescent resorufin by the production of NADPH. The amount of
produced resorufrin was analyzed by fluorescence measurements at excitation wavelength
of 535 and an emission of 595 nm with a Tecan infinite M200 microplate reader to quantify
the viability. The curve was fitted by a non-linear regression with dose-response nonlinear
Hill equation. The semi-inhibitory concentration of the planktonic cell viability (IC50p )
represents the point at which the viability of the cells is reduced to 50% compared to the
untreated control. After the incubation 10 µL samples were collected for a plate spot assay.
Therefore, a dilution row of each sample was performed in RPMI 1640 medium and 3 µL
microliters of the dilutions were spotted onto Sabouraud agar plates. The agar plates were
incubated for 24 h at 37 ◦ C. The assay was performed according to the method described
in Hilgers et al. [45].
4.4. Biofilm Formation and Quantification/Anti-Biofilm Treatment
Biofilms were basically formed and analyzed as described previously [46–48]. In
brief, 2.5 × 103 yeast cells were seeded in 200 µL RPMI-1640 medium supplemented with
L-glutamine in a flat bottomed, 96-well polystyrene microtiter plates (Sarstedt AG & Co.
KG, Nümbrecht, Germany) and incubated at 37 ◦ C without agitation for 24 h. The effect
of the different Pomacea on the biofilm formation was tested in the presence of Pom-1 and
Pom-2 at different concentrations. The biofilm was quantified by a crystal violet assay,
which was originally developed for bacteria by George O’ Toole [47,49] and is also widely
used for Candida biofilms [46,48,50,51]. Planktonic cells were removed with the supernatant
and the mature biofilms were washed twice with 200 µL water. Subsequently biofilms were
stained with 200 µL of a 0.1% (w/v) crystal violet solution for 15 min. The supernatant
was removed, and the biofilms were washed twice with 200 µL water to get rid of excess
crystal violet. The stained biofilms were air dried for 24 h at 25 ◦ C and finally destained
using 200 µL of 30% acetic acid (15 min, 25 ◦ C). The supernatant was transferred to a fresh
96 well plate and the absorbance at 560 nm was measured using a Tecan infinite M200
microplate reader to quantify the biofilm biomass. The curve was fitted by a non-linear
regression with dose-response nonlinear Hill equation. The semi-inhibitory concentration
of biofilm formation (IC50b ) represents the point at which the biofilm mass is reduced to
50% compared to the biofilm mass of untreated control.
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