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ARTICLE INFO ABSTRACT

Keywords: The spoilage of foods caused by the growth of undesirable yeast species is a problem in the food industry. Yeast
Anti-yeast species such as Zygosaccharomyces bailii, Zygosaccharomyces rouxii, Debaryomyces hansenii, Kluyveromyces lactis
Peptide ) and Saccharomyces cerevisiae have been encountered in foods such as high sugar products, fruit juices, wine,
Preservative mayonnaise, chocolate and soft drinks. The demand for new methods of preservations has increased because of
g;fit:;tzctimromy ces the negative association attached to chemical preservatives. The sequence of a novel short peptide (KKFFRA-

WWAPRFLK-NH2) was modified to generate three versions of this original peptide. These peptides were tested
for the inhibition of the yeasts mentioned above, allowing for the better understanding of their residue mod-
ifications. The range of the minimum inhibitory concentration was between 25 and 200 pg/mL.
Zygosaccharomyces bailii was the most sensitive strain to the peptides, while Zygosaccharomyces rouxii was the
most resistant. Membrane permeabilisation was found to be responsible for yeast inhibition at a level which was
a two-fold increase of the MIC (400 pg/mL). The possibility of the production of reactive oxygen species was also
assessed but was not recognised as a factor involved for the peptides' mode of action. Their stability in different
environments was also tested, focusing on high salt, pH and thermal stability. The newly designed peptides
showed good antifungal activity against some common food spoilage yeasts and has been proven effective in the
application in Fanta Orange. These efficient novel peptides represent a new source of food preservation that can

be used as an alternative for current controversial preservatives used in the food industry.

1. Introduction

Yeasts are a diverse group of microorganisms that have been
exploited for the production of foods and beverages for centuries. In the
food industry, yeasts are an essential tool for the manufacture of bread,
beer and wine, amongst other products (Gil-Rodriguez et al., 2015;
Hittinger et al., 2018). Despite their positive impact in the food and
beverage sector, the negative impact of undesirable spoilage yeasts is a
significant problem in food production and continue to cause un-
necessary waste leading to major economic losses (Fleet, 2006). A
target of spoilage yeasts includes dairy products (Ledenbach and
Marshall, 2009), mayonnaises, salad dressings (Kurtzman et al., 1971),
fruit juices (Tournas et al., 2006), soft drinks (Wareing and Davenport,
2005), alcoholic beverages (Jespersen and Jakobsen, 1996), and even
chocolate (Ho et al., 2014). The most common spoilage yeasts found in
food belong to the genera Zygosaccharomyces, Pichia, Debaryomyces,
Kluyveromyces, Candida and Saccharomyces (Loureiro and Malfeito-
Ferreira, 2003). Such food products spoiled by yeast include salad
dressings (Debaromyces), soft drinks (Zygosaccharomyces), dairy pro-
ducts (Kluyveromyces), and alcoholic beverages (Saccharomyces). In

order to prevent the growth of such spoilage yeast, several methods of
preservation have been adopted by food industries, ranging from che-
mical to physical preservation techniques (Gould, 1996). However,
spoilage by yeast still occurs.

The popularity of chemical preservatives has been decreasing due to
consumers' demand for more natural foods which contain less chemi-
cals. The exploitation and application of antimicrobial peptides (AMP)
derived from animal, plant or microbial sources have great potential for
addressing this desire for more natural methods of food preservation
(Rai et al., 2016). AMPs are small proteins composed of 12 to 100
amino acid residues and are amphiphilic and generally positively
charged; they are ubiquitous in animals, plants, insects and micro-
organisms (Jenssen et al., 2006; Mahlapuu et al., 2016). Exploiting
natural AMPs to prevent the growth of spoilage microorganisms can be
expensive and also difficult to apply in foods due to the fact that any
type of peptide used for food application must be safe for ingestion.
Designing novel, synthetic peptides, based on natural, native peptides,
can be an alternative option for the application of peptides in foods
(Mohamed et al., 2016). The aim of this study was to design a number
of novel synthetic peptides and investigate their inhibitory activity
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against yeast commonly found to cause food spoilage, namely, Zygo-
saccharomyces spp., (Z. bailii and Z. rouxii), K. lactis, D. hansenii and S.
cerevisiae. The synthetic peptides were designed through the modifica-
tion of one original peptide sequence. This peptide displayed a broad
spectrum of activity against fungi, consisting of a short sequence, which
can be advantageous for future reproduction at a low cost of synthesis.
The design of the original starting peptide was based on sequences of
different peptides with previously demonstrated activity against fungi.
Thus, the attributes primarily hypothesised to be responsible for their
antifungal activity were translated to, and exploited in the creation of
this novel, original synthetic peptide. A hydrophobic centre, containing
the hydrophobic residues Alanine (Ala), Tryptophan (Trp) and Proline
(Pro) was chosen for the basis of this original peptide. In order to avoid
a high cost of synthesis, the size of the peptide was limited to a short
sequence of 14 amino acid residues. C-terminal amidation was in-
corporated in order to increase the peptides overall positive charge.
Construction of a peptide with high haemolytic activity was avoided
through the Lysine (Lys)/Arginine (Arg) and Trp/Phenylalanine (Phe)
amino acids substitutions. The haemolytic activity is based on the
measure of the peptides' ability to lyse erythrocytes (Ebbensgaard et al.,
2018). Previous studies have shown Arg/Phe rich peptides to contain
low haemolytic activity against red blood cells (Ebbensgaard et al.,
2018; Strgm et al., 2002; Wessolowski et al., 2004).

These substitutions also enabled the generation of a peptide with
antimicrobial activity. To be able to predict the antimicrobial potential
of the peptide, an online calculator in conjunction with Support Vector
Machine (SVM) methods were used. The length of the peptide was also
taken into consideration while constructing it; previous study has
showed the potent properties of antifungal peptides to be linked to the
length of the peptide, with shorter sequences resulting in better anti-
fungal activity. This original design was then used to generate 3 deri-
vative peptides by modifying its sequence or structure; namely, sub-
stituting the Pro residue with an Arg, producing a D-enantiomer of the
original peptide, and, through the insertion of an unnatural residue. In
addition to investigating the inhibitory activity of the 4 peptides against
the chosen spoilage yeasts, through the generation of minimum in-
hibitory concentration (MIC) values, the mode or mechanism of action
and stability of the peptides was also examined. Finally, their applica-
tion in two different food matrices was assessed.

2. Material and methods
2.1. Synthetic peptides used in this study

The starting peptide (KK-14) was assembled in conjunction with
sequences of numerous other antifungal peptides shown to be effective.
This peptide was used to generate 3 others by modifying its structure
and were synthetized by GL Biochem (Shanghai) Ltd. The first modified
peptide, termed Dip KK-14, was constructed by the addition of an un-
natural 3-diphenylalanine residue as a substitution for Trp at position 8
(Trp8). The peptide termed, dKK-14, was generated by constructing a
D-enantiomer of the KK-14 peptide, while the peptide, KK-14 (R10),
was constructed via the replacement of the arginine residue with that of
a proline. The sequences of the peptides are presented in Table 1. The
purity of these peptides was > 90% as indicated by the supplier. Each
peptide was resuspended in sterile distilled water and at a

Table 1
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concentration of 2 mg/mL.

2.2. Yeast strains

Five different strains of yeast were used in this study. Kluyveromyces
lactis ATCC56498, Zygosaccharomyces bailii Sal1403, Zygosaccharomyces
rouxii ATCC14679, Debaromyces hansenii CBS2334 were obtained from
DMSZ (Germany). Saccharomyces cerevisiae Baker's yeast was obtained
from Puratos (Belgium). Each yeast was grown aerobically in Yeast
Extract-Peptone-Dextrose (YPD; Sigma-Aldrich) agar at 25°C. Stock
cultures were maintained at —80 °C. Overnight incubation was per-
formed in YPD broth at 25°C under gentle agitation. All media and
reagents used in this study were obtained from Sigma-Aldrich (MO,
USA), unless otherwise stated.

2.3. Antifungal activity by disc diffusion assay

The susceptibility of the yeast strains to each peptide was demon-
strated using the disc diffusion assay as outlined by Cai et al., 2016.
Overnight cultures of each yeast were used to prepare a cell suspension
of 5 x 10° CFU/mL. Cells were centrifuged at 1000g for 5min and
washed 3 times in sterile distilled water. A 1 X 10° cell suspension
(1 mL) was added to 5mL of 1% molten agarose (Serva, Heidelberg,
Germany). This molten mixture was applied to YPD agar plates and
allowed to set. Sterile paper discs, 6 mm in diameter were placed on the
solidified agar and 50 pL of peptide was applied to the disc at a con-
centration of 1) the MIC (as determined in the broth microdilution
assay) and 2) two-fold the MIC, for each peptide. The plates were then
incubated at 25 °C for 3 days. Following incubation, the halo around the
discs, representing the zone of inhibition, was measured in cm.

2.4. Antifungal assays and determination of minimum inhibitory
concentration

For each yeast strain, the MIC for each peptide was determined
using a broth microdilution method outlined by the National
Committee for Clinical Laboratory Standards (NCCLS M-27A, NCCLS
2002). Suspensions of the yeast strains were prepared from overnight
cultures and adjusted to 1 x 10° CFU/mL using a Marienfeld-Superior
Haemocytometer. One hundred microliters of this suspension was
added to a flat-bottomed 96-well microtitre plate (Sarstedt, Niimbrecht,
Germany). Peptide (10 puL) was added into the first well of the plate at a
concentration of 400 pg/mL and serially diluted to yield five different
concentrations of each peptide (12.5 to 200 pg/mL). Ninety microliters
of Yeast minimal media (YMM) [per 1L; 0.8 g Complete Supplement
Mixture (Formedium, Norfolk, United Kingdom) 6.5 g Yeast Nitrogen
Base without amino acids (FORMEDIUM) and 10 g glucose] was added
to each well to a total volume of 200 pL. Water, instead of peptide, was
used as a control. The individual challenge experiment (yeast versus
peptide) was performed on 2 different plates and in duplicate on each
plate. Plates were incubated at 25 °C for 48 h with measurement of the
optical density (600nm) at 2h intervals under gentle agitation
(Multiskan FC Microplate Photometer, Thermo Scientific, MA, USA).
The MIC was determined as the minimum concentration of peptide
needed to inhibit the growth of the yeast. The peptides' ability to cause
complete inhibition on the yeast was determined by subsequent

Amino acid sequences of the four synthetic peptides applied in this study. The residues in bold and underlined represent the modifications to the original peptide.

Peptide Amino Acid Sequence
Original Synthetic Peptide (KK14) KKFFRAWWAPRFLK-NH2
Dip KK-14 Peptide KKFFRAWDipAPRFLK-NH2

dKK-14 Peptide

KK-14 (R10) Peptide KKFFRAWWARRFLK-NH2

(D-enantiomer) KKFFRAWWAPRFLK-NH2

Lys-Lys-Phe-Phe-Arg-Ala-Trp-Trp-Ala-Pro-Arg-Phe-Leu-Lys-NH,
Lys-Lys-Phe-Phe-Arg-Ala-Trp-Dip-Ala-Pro-Arg-Phe-Leu-Lys-NH,
Lys-Lys-Phe-Phe-Arg-Ala-Trp-Trp-Ala-Pro-Arg-Phe-Leu-Lys-NH»
Lys-Lys-Phe-Phe-Arg-Ala-Trp-Trp-Ala-Arg-Arg-Phe-Leu-Lys-NH,
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spotting of 100 pL of yeast/peptide suspension from the microtitre plate
onto YPD agar. This enabled the determination of whether a peptide
was fungistatic or fungicidal. The minimum fungicidal concentration
(MFC) was also determined as the lowest peptide concentration that
showed either no growth or less than three colonies (per 100 puL) on the
YPD agar plates. Yeast colonies were counted after 48- or 72-h in-
cubation, depending on the optimal incubation time of the yeast being
tested; S. cerevisiae, Z. bailii and D. hansenii were incubated for 48 h
while K. lactis and Z. rouxii were incubated for 72 h.

2.5. Effect of pH, salts and temperature on antifungal activity of peptides

The stability of each peptide under varying pH and salt conditions
was determined by examining the effect on its inhibitory activity
against Z. bailii. Z. bailii was chosen for these stability assays because it
was found to be the most sensitive to the peptides in the broth micro-
dilution assay. Experiments were performed as described above using
YMM adjusted to different pHs, i.e. 3, 5, 7, 9 and 11. The media was
adjusted using 1 M sodium hydroxide and 0.1 M hydrochloric acid to
increase and decrease the pH accordingly. Media of different pHs
without any added peptide was used as a control. The peptides were
tested at their MIC, double and half the MIC.

The effect of two salts, MgCl, and KClI at two different concentra-
tions in YMM (1 mM and 5mM, and 50 mM and 150 mM, respectively)
were examined. The peptides were assessed at the concentrations up the
MIC (O to 25 ug/mL).

The resistance of the peptides to heat treatment, at 100 °C for
15min, was also evaluated, at the concentration up the MIC (0 to
25 pg/mL).

2.6. Examination of membrane permeabilisation

Study of the peptides' mode of inhibitory action against the yeast,
was examined by determining their potential to cause yeast cell mem-
brane permeabilisation. Membrane permeabilisation is becoming in-
creasingly recognised as a mechanism by which antimicrobial peptides
target both yeast and both Gram positive and Gram negative bacterial
cells (Dias et al., 2017; Lyu et al., 2016; Pérez-Peinado et al., 2018).
This was tested against S. cerevisiae, a yeast frequently used in mem-
brane permeabilisation studies of anti-yeast agents (Cools et al., 2017;
Diz et al., 2006; Mayan, 2010). A yeast cell suspension of 10° CFU/mL
was prepared from overnight cultures. Peptide (10 uL) was added into
90 pL of yeast cell suspension and incubated for 2 h at 25 °C, after which
5uM of propidium iodide (PI) (SIGMA) was added. This solution was
incubated at room temperature under dark conditions for 20 min, be-
fore being washed with YMM to remove unbound dye, centrifuged at
3000g for 5min and applied to glass slides. Triton X-100 (0.1%) was
used as the positive control as it is a known to cause membrane per-
meabilisation. PI was used for this assay since it can only penetrate cells
with compromised plasma membranes and subsequently binds to nu-
cleic acids. It will only fluoresce when bound, therefore enabling de-
tection of whether membrane permeabilisation has occurred. The ex-
tent of permeabilisation was measured using a confocal laser scanning
microscope (CLSM) (OLYMPUS FV3-259) at the maximal excitation
(Aex) and maximum emission (Agn) wavelengths of 535nm and
617 nm, respectively.

The kinetics of permeabilisation was performed as described above
with the exception of adding the dye and peptide simultaneously. The
fluorescence was measured, as above, every 10min for up to 6h.
Fluorescence was corrected by subtracting the optical density of the
YMM.

2.7. Examination of reactive oxygen species generation

Overproduction of Reactive Oxygen Species (ROS) by yeast can be
attributed, amongst other reasons, to the presence of an antimicrobial
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agent. To investigate whether the peptides act by this mechanism, an
indicator for the generation of ROS was applied in an antifungal assay.
This indicator was dihydrorhodamine 123 (Sigma-Aldrich), an un-
charged ROS indicator that can pass across cell membranes and oxidize
to the cationic rhodamine 123 (a green fluorescent compound) after
cellular uptake (Djiadeu et al., 2017). S. cerevisiae was used as the in-
dicator yeast and the procedure was performed in accordance to the
method established by Hayes et al. (2013). Dihydrorhodamine 123
(5 ug/mL) was added to a 10° cfu/mL yeast suspension for 2 h at 28 °C.
The cells were washed with YMM followed by centrifugation at 3000g
for 5min and 10 pL of peptide (50 to 400 ug/mL) was subsequently
added, maintaining the same temperature. The cells were then washed
with 0.6 M potassium chloride and collected by centrifugation. A po-
sitive control of hydrogen peroxide (H,O,) was used at a concentration
of 2mM. Yeast cells were observed by CLSM. Fluorescence was mea-
sured at the maximal excitation (Ag,) and maximum emission (Agy,)
wavelengths of 488 nm and 538 nm, respectively.

2.8. Application of peptides in food matrices

The antifungal effect of the peptides was investigated in two food
matrices (i.e. a soft drink and mayonnaise) in which fungal spoilage can
occur, in particular with Z. bailii, which was therefore used for this
assay. For the soft drink (Fanta Orange, Coca-Cola, Ireland) a microtitre
plate method, as applied for the antifungal assay was used. The yeast
was inoculated in YPD for overnight culture and a 102 cfu/mL solution
was prepared in filter sterilised Fanta Orange from this overnight cul-
ture. This low concentration of yeast was used to represent the number
of cells commonly found to spoil products such as soda drinks. All four
peptides were tested using the same conditions and concentrations as
performed for the microdilution plate assay (minimum of 12.5 ug/mL
and maximum 200 pg/mL). The optical density (600 nm) was mon-
itored over 48h at 25°C. Controls consisted of Fanta Orange with
102 cfu/mL yeast in the absence of peptide, and Fanta Orange with no
yeast. The ingredients of the Fanta Orange used for this application, as
listed on the label, were as follows: carbonated water, sugar, orange
fruit from concentrate (5%), citric acid, vegetable concentrates (carrot
and pumpkin), natural orange flavouring with other natural flavour-
ings, preservative (potassium sorbate), malic acid, acidity regulator
(sodium citrate), sweeteners (acesulfame-K, aspartame), antioxidant
(ascorbic acid), and stabilizer (guar gum). It also contained a source of
phenylalanine. The pH of the Fanta Orange was recorded as 3.1; a pH
lower than what was found for the YMM (pH 5.33).

The application of the peptides in mayonnaise (Hellman's, Unilever,
United States) was also tested. The ingredients of the mayonnaise, as
listed on the label, was as follows: Canola Qil, Water, Liquid Whole Egg,
Vinegar, Liquid Yolk, Salt, Sugar, Spices, Concentrated Lemon Juice
and Calcium Disodium EDTA. Overnight cultures of Z. bailii were added
to mayonnaise at 102 cfu/mL in addition to peptide (12.5 to 200 ug/
mL). This yeast, peptide and mayonnaise solution (100 pL) was spread
onto YPD agar and incubated at 25 °C for 48 h.

2.9. Statistics

Values are reported as mean * standard deviation. To determine
the significant difference between the results obtained for the salt sta-
bility assay, analysis of variance with ANOVA (SigmaStat, SPSS Inc.,
Chicago, USA), was performed. In all cases, a probability of p < 0.05
was considered statistically significant.
3. Results
3.1. Antifungal disc diffusion assay

The susceptibility of Z. bailii, a yeast already found be sensitive
towards the peptides, was tested using a disc diffusion assay. The zones
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Table 2

Z. bailii Sa1403 susceptibility in the disc diffusion assay. The table represents
the degree of inhibition based on the measurement of the diameter of the zone
of inhibition surrounding the discs. + + + = susceptible (16 mm to 14 mm); +

+ and + = intermediate (14mm to 10 mm); — = resistant (no zone of in-
hibition).
Concentration of peptide KK-14 Dip KK- dKK-14 KK-14
impregnated into disc 14 (R10)
12.5ug/mL - - - -
25 ug/mL + + + -
50 pg/mL +++ ++ +++ + 4+

of inhibition (Table 2) against the respective peptide were evaluated.
KK-14, Dip KK-14 and dKK-14 all showed zones of inhibition at con-
centrations of 50 and 25 pug/mL. KK-14 (R10) had a halo around the disc
containing 50 pg/mL peptide but not 25 ug/mL. As expected, all four
peptides did not inhibit the yeasts at 12.5 pg/mL. Dip KK-14 (50 pg/mL)
was not as prominent on the plate, even though this concentration of
peptide was two-fold the MIC determined in the microdilution broth
assay (Fig. 1).

3.2. Antifungal microtiter plate assay

The antifungal activity of the peptides was tested through incuba-
tion with the yeast in a microtitre plate. The growth of the yeast was
observed over time to detect their antifungal properties. Each of the
four peptides showed variation in the degree of their anti-yeast activity.
Apart from Z. rouxii, each yeast strain was found to be sensitive to each
of the peptides at one or more of the tested concentrations (Table 3).
The most sensitive yeast was Z. bailii, displaying the lowest MIC, at
50 pg/mL, while the most active peptide was Dip KK-14 against all 5
yeast strains. The fungistatic or fungicidal ability of the peptides on the
yeast varied and was dependant on the strain and peptide. The peptide
with the highest fungicidal activity and completely inhibiting most
yeast at its MIC was Dip KK-14. While KK-14 (R10) also displayed broad
fungicidal activity at its MIC, this MIC was higher than that of Dip KK-
14.

The Minimal Fungicidal Concentration (MFC) of the peptides which
displayed only fungistatic activity at their MIC was found to be as high
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as 800 pug/mL. Z. rouxii and S. cerevisiae were the least susceptible to the
fungistatic properties of Dip KK-14 and dKK-14, respectively (Table 4).

3.3. Salt stability of the peptides

The antifungal assay was repeated with the addition of different salt
concentrations (MgCl, and KC) to test the stability of the each of the
peptides. The presence of MgCl, at both concentrations tested (1 mM
and 5 mM) decreased the antifungal activity of KK-14 enabling Z. bailii
to grow at the MIC (50 pg/mL). The higher concentration of 5mM was
more effective at disrupting the activity of the peptide, allowing growth
to occur at double the MIC (i.e. 100 pug/mL). dKK-14 was more effected
at the higher concentration of MgCl,, with Z. bailii growing even at the
MIC (50 pg/mL). KK-14 (R10) was least effected by MgCl,, as observed
by the inhibition of growth at its MIC, 50 pg/mL. Dip KK-14 were not
affected by 1 mM MgCl,, as it still displayed inhibitory activity at its
MIC (50ug/mL); however, 5mM MgCl, affected the peptide to some
extent, as growth was observed at the MIC (Fig. 2).

The presence of KK-14 in 50 and 150 mM KCl resulted in its anti-
fungal activity being lessened, both at its MIC and double that MIC.
dKK-14 was more affected by the higher concentration of KCl in com-
parison to the lower concentration, with Z. bailii growing at both its
MIC and double the MIC. The higher KCI concentration decreased the
antifungal activity of KK-14 (R10), enabled the growth of Z. bailii at 50
and 100 pg/mL. The lower concentration of KCl (50 mM) was less ef-
fective at disrupting the antifungal activity. The MIC of Dip KK-14 was
affected at both KCI concentrations, with 150 mM causing more dis-
ruption to the peptide's ability to inhibit Z. bailii (Fig. 3).

After performing ANOVA, significant differences were observed
between the peptide concentrations that were found to inhibit Z. bailii
in the salt solutions, as can be seen from Figs. 2, 3 and 4.

3.4. Temperature stability of the peptides

The peptides were subjected to temperature of 100 °C and tested in
an antifungal assay for their inhibitory effect against the yeast. Heating
of KK-14 at 100°C for 15min caused a reduction in the antifungal
properties of the peptide, resulting in the increased growth of Z. bailii in
the presence of this peptide. At both the MIC (50 pg/mL) and double the

Fig. 1. Results of the disc diffusion assay against Z. bailii Sa1403. Each peptide was tested at 50, 25 and 12.5 pg/mL. KK-14 (A), Dip KK-14 (B), dKK-14 (C) and KK-14

(R10) (D) can be seen to show varying degrees of inhibition.
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Table 3
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Minimum Inhibitory Concentration values of the peptides against the yeast strains. The nature of the inhibitory activity — fungistatic or fungicidal - is also shown.

Kluyveromyces lactis Zygosaccharomyces bailli

Zygosaccharomyces rouxii

Debaromyces hansenii Saccharomyces cerevisiae Baker's

ATCC56498 Sal403 ATCC14679 CBS2334 yeast
KK-14 100 pug/mL -Fungicidal 50 pg/mL -Fungistatic No Inhibition 50 pg/mL - Fungicidal 200 pg/mL - Fungicidal
Dip KK-14 25 pg/mL -Fungicidal 25 pg/mL -Fungicidal 200 pg/mL - Fungistatic 50 ug/mL -Fungicidal 50 ug/mL - Fungicidal
dKK-14 100 pg/mL -Fungistatic 50 pg/mL —Fungicidal No Inhibition 25 pg/mL -Fungicidal 200 pg/mL - Fungistatic
KK-14 (R10) 200 pg/mL -Fungicidal 50 pg/mL -Fungicidal No Inhibition 100 pg/mL -Fungicidal 200 pg/mL - Fungicidal
e
Table 4 1.54
Minimum Fungicidal Concentration values of the peptides shown to have fun- ' co
gistatic properties against the different yeast strains. Maximum concentration i cd cde  cd i
tested was 800 pg/mL. il o B 50 pg/mL
£ 1.01 =
Yeast strain Peptide MFC (ug/mL) 8: 1 25 pg/mL
©
Z. bailii Sa1403 KK-14 400 35 b Bl 12.5 pg/mL
K. lactis ATCC56498 dKK-14 400 0.5+ b
S. cerevisiae - Baker's yeast dKK-14 800 ’ 3 Control
Z. rouxii ATCC14679 Dip KK-14 800
a a a a
004 || NN IS NS
1mM MgCl2 5mM MgCI2 50mM KCI  150mM KClI
159 Salt Concentrations
bed % bed bb d bcb d
I bcde cde bcde bcde cde cde . .
ool e 1 iy i i i 100 pg/mL Fig. 4. Effect of KCl and Mg(?12 'flt .concentr‘at‘lons of 5.0 and 150 mM, and 1 ar.lt.i.
9 ef ¢ 5mbM], respectively, on the inhibitory activity of Dip KK-14 against Z. bailii
e 10+ = 50 pg/mL Sal403. Values with different letters vary statistically. Tukey Test; p < 0.05.
=
QS B 25 ug/mL
[m]
o R E a 1 Control Table 5 B . . .
0.5+ Effect of heat treatment (100 °C for 15 min) on each peptide and the resulting
antifungal activity against Z. bailii Sal403 post-heat treatment.
g q g9 g Concentration KK-14 dKK-14 Dip KK-14 KK-14 (R10)
oo-LILLULL MW RN gl W R —
100 ug/mL No inhibition Inhibition n.d. Inhibition
(g?’ éﬂ’ &;Q’ %(_,Q’ Q,é‘/ &9’ 50 pg/mlL No inhibition Inhibition Inhibition Inhibition
Q\\ N \\Q N N Q\\ [MIC] [MIC] [MIC]
N <« N o S 8 25 ug/mL No inhibition ~ No inhibition Inhibition No inhibition
s S S s D S
S N S R\ NS [MIC]
@4\ {3"\ 12.5ug/mL n.d. n.d. No Inhibition n.d.

Fig. 2. Effect of MgCl, on the inhibitory activity of the peptides KK-14, dKK-14
and KK-14 (R10) against Z. bailii Sa1403, at concentrations of 1 and 5mM.
Means sharing the same letter do not differ significantly at the 95% confidence
level based on the Tukey mean comparison method; p < 0.05.

15 a
{ a a a a a < a a
'R TR S I IRl
2 M o P 22 = 100 pg/mL
. 1.0
g 3 50 pg/mL
8 B 25 pg/mL
0.5 1 Control
C
00 L Ll Ll L L L Ll -_l.- L L .
N N\ N N N N
© © © © © ©
N N\ N N\ N N
S N N ° S S
W3 R 3 K S K
N \J N N N D
S : N &
AS N § N S
¢

Fig. 3. Effect of KCI on the inhibitory activity of the peptides KK-14, dKK-14
and KK-14 (R10) against Z. bailii Sa1403, at concentrations of 50 and 150 mM.
Values with different letters vary statistically. Tukey Test; p < 0.05.

n.d., concentration not tested.

MIC (100 pug/mL), the peptide caused no inhibition of Z. bailii as was
originally observed in the antifungal assay. dKK-14, KK-14 (R10) and
Dip KK-14 were not affected by this increase in temperature, evident by
the inhibition caused at the MIC. The inhibition of the yeast at all 3
concentrations (double the MIC, its MIC and half the MIC) was observed
(Table 5).

3.5. Effect of pH on antifungal activity of the peptides

The antifungal assay was repeated using YMM changed to different
pH to observe the inhibitory effect of each peptide under such pH stress
(Table 6). Changing the pH of the media to pH 3 (control pH 5.33) re-
sulted in a decrease in Z. bailii inhibition caused by the four peptides.
Increasing the pH to 9 and 11 resulted no yeast growth in the control
comprising of Z. bailii in the absence of peptides. The greatest effect
caused by change in pH was seen in pH 5 and 7. KK-14 was affected at
pH 5 with a decrease in its antifungal activity, thus enabling growth of
Z. bailii at the MIC and even at double that MIC. At pH 7, inhibition was
only observed at the higher peptide concentration tested (100 pg/mL,
double the MIC). For the dKK-14 peptide, at pH 5, inhibition was only
observed in double its MIC, indicating a decrease in its antifungal ac-
tivity. pH 7 did not affect the antifungal activity of dKK-14. An increase
in antifungal activity was observed for Dip KK-14 at pH 5 and 7. KK-14
(R10) was more effective at pH 7, compared to the control (unadjusted)
medium, where complete inhibition was observed at half the MIC. At
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Table 6
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The effect of different pH on the stability and antifungal activity of the four peptides against Z. bailii Sa1403. Inhibition = No growth in the MIC and double the MIC;
Complete Inhibition = No growth in all three concentrations tested; No inhibition = Growth in all three concentrations.

PH7 pHO pH11

pH3 pH5
KK-14 No Inhibition No Inhibition
dKK-14 No Inhibition Inhibition only at 100 ug/mL
Dip KK-14 No Inhibition Complete Inhibition
KK-14 (R10) No Inhibition Inhibition

Inhibition only at 100 ug/mL

Complete Inhibition
Complete Inhibition
Complete Inhibition
Complete Inhibition

Complete Inhibition
Complete Inhibition
Complete Inhibition
Complete Inhibition

Inhibition
Complete Inhibition
Complete Inhibition

pH5, use of the MIC and double that resulted in a similar level of in-
hibition to that observed in the microtitre plate antifungal assay.

3.6. Membrane permeabilisation activity

Membrane permeabilisation is becoming increasingly recognised as
a mechanism by which antimicrobial peptides target both yeast and
both Gram positive and Gram negative bacterial cells (Dias et al., 2017;
Lyu et al., 2016; Pérez-Peinado et al., 2018). S. cerevisiae was incubated
with the different concentrations of peptide found to be inhibitory and
viewed under the CLSM to observe the mode of action of the peptides.
Membrane permeabilisation of S. cerevisiae was assessed in the presence
of the peptides. The yeast showed strong fluorescence when treated
with 400 pg/mL of the peptides, Dip KK-14, dKK-14 and KK-14 (R10).
KK-14, however did not affect the cell membrane at 400 pg/mL (Fig. 5).
The degree of permeabilisation decreased as the concentration of pep-
tides decreased, in a dose-dependent manner. The lowest concentration
for all four peptides (25 ug/mL) showed almost no permeability. The
original synthetic peptide, KK-14, in general, caused less permeabili-
sation of S. cerevisiae (Figures for KK-14, Dip KK-14 and dKK-14 not
shown).

3.7. Kinetics of membrane permeabilisation

Each peptide was incubated with S. cerevisiae and propidium iodide
in a microtitre to follow the progress of permeabilisation of the yeast in
the presence of the peptides. For KK-14 (R10) and dKK-14, the kinetics
revealed faster permeabilisation over 6 h. As predicted, both peptides
resulted in a steady increase in the measured fluorescence over the
period of 6h, indicating the occurrence of membrane permabilisation
(Fig. 6). KK-14 (R10) at the concentrations of 400, 200 and 100 pg/mL
all showed permeabilisation while only 400 and 200 pg/mL of dKK-14
caused observable permeabilisation (Fig. 7). Significantly lower

121
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Fig. 6. Kinetics indicating the rate of membrane permeabilisation of S. cerevi-
siae — Baker's yeast in the presence of KK-14 (R10).
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Fig. 7. Kinetics indicating the rate of membrane permeabilisation of S. cerevi-
siae — Baker's yeast in the presence of dKK-14.

Fig. 5. Results of the permabilisation effects of KK-14 (R10) on S. cerevisiae — Baker's yeast. A, B, C and D show the negative control, positive control, 400 ug/mL and

200 pg/mL peptide, respectively.
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Fig. 8. Antifungal assay of peptide KK-14, Dip KK-14, dKK-14 and KK-14 (R10)
against Z. bailii Sa1403 in Fanta Orange at concentration of 12.5 pg/mL.

permeability was observed after 6 h with KK-14 and Dip KK-14 (data
not shown).

3.8. Stimulation of reactive oxygen species production

The yeast was incubated with the peptides and dihydrorhodamine
123, a dye capable of detecting ROS, and viewed under the CLSM.
Although S. cerevisiae treated with the peptides showed a degree of
inhibition in the antifungal assays, no ROS production was observed in
this assay; even at the highest concentration tested (400 ug/mL) for
each of the four peptides. The positive control, consisting of H,0,,
showed the production of ROS, in comparison to the negative control
consisting of yeast alone in YMM (data not shown).

3.9. Application of peptides in a food matrix

The antifungal assay was repeated using Fanta Orange as the main
medium for the yeast to grow. Investigation of the application and ef-
fect of the peptides in a soft drink (Fanta Orange) found that they
caused complete inhibition of Z. bailii, inoculated at 10 cfu/mL, at all
concentrations tested. Fig. 8 shows the extent of inhibition that each
peptide caused at 12.5 pg/mlL.

None of the peptides caused inhibition of Z. bailii in mayonnaise.
Growth was observed at each of the concentrations tested (12.5 to
200 ug/mL). The negative control consisting of mayonnaise alone
without peptides showed growth.

4. Discussion

The introduction of synthetic peptides in the food industry to
combat food spoilage caused by yeasts represents a novel alternative for
the replacement of chemical preservatives. This study deals with the
production and modification of several peptides proven to be effective
against yeast species commonly encountered in food spoilage.

The generation of a novel peptide sequence based on numerous
antifungal peptides was modified to generate three derivative peptides.
This was accomplished by altering specific residues in the original se-
quence. Their ability to cause inhibition of the yeast species tested was
found to vary, being strain- and peptide-dependant. The original pep-
tide, KK-14, inhibited 4 of the 5 yeasts, with Z. rouxii showing complete
resistance even at 200 ug/mL. K. lactis, Z. bailii, D. hansenii and S. cer-
evisiae showed inhibition at concentrations of 100, 50, 50 and 200 ug/
mL, respectively. The incorporation of Ala, Trp, Pro, Phe and Leucine
(Leu) in the primary sequence served to impart hydrophobicity on the
peptide. In general, an increase in hydrophobicity promotes the spon-
taneous insertion of such peptides into cell membranes (Engelman and
Steitz, 1981). In addition, the presence of two Lys residues on the N-
and C-terminal of the sequence helped to provide the peptide a position
on the yeast cell membrane into which it could better infiltrate (Stark
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et al., 2002). It has previously been shown that peptides which dis-
played antimicrobial activity against Gram positive and Gram negative
bacteria contained these residues which imparted a hydrophobic nature
on these peptides, and likely contributed to their antimicrobial activity.
Thus, the incorporation of such residues in novel peptides should pro-
mote antimicrobial activity, making them suitable for the generation of
novel AMPs. Dip KK-14 consisted of the same amino acid sequence as
the original peptide with the exception of a 3-di-phenylalanine (Dip)
residue substituted for Trp10. B-di-phenylalanine is an amino acid with
a similar structure to alanine and phenylalanine and has its amino
group bonded to the 3 carbon (Cheng et al., 1992). The antifungal
activity of this peptide was found to be higher than KK-14 against all
yeast may be attributed to the insertion of the Dip residue. A previous
study showed that the presence of two Phe residues in a modified
peptide sequence significantly improved the antimicrobial activity of
the peptide by causing a greater disruption to bacterial cell membranes
(Shahmiri et al., 2015). In the present study, (-di-phenylalanine re-
placed a non-hydrophobic Trp, thus increasing the hydrophobicity of
the peptide, which could explain the observed increase in antifungal
activity. The addition of the B diphenylalanine as a modification of the
original KK-14 peptide produced peptide with longer side chains, which
could have promoted cell membrane penetration in comparison to a
peptide with the Trp residue in that position. The use of a [3- instead of
an a-diphenylalanine was applied to increase the proteolytic resistance
of the peptide, as it is less likely to be degraded in this form (Cabrele
et al., 2014).

The antimicrobial activity of the D-enantiomeric peptide showed
similar inhibitory capacity to that of KK-14 against all yeasts, except D.
hansenii. This decrease in yeast resistance of D. hansenii could be at-
tributed to an increased ability of the D-enantiomer to cause membrane
permeabilisation or it could potentially be due to this peptides in-
creased resistance to proteases secreted by this yeast (de la Fuente-
Nufez et al., 2015). It has been shown that the D-enantiomeric form of
studied peptides not only display an increase in antifungal activity
compared to their original counterpart, but also demonstrate proteo-
lytic resistance, including to human serum proteases (Jung et al., 2007;
Tugyi et al., 2005). Another reason for the increase in activity against D.
hansenii could be due to the backbone of the D-enantiomer; having
different rotations in three-dimensional space may lead to its side
chains having different topologies, therefore effecting its antimicrobial
activity (Mohamed et al., 2017).

The peptide with the substitution of its Pro amino acid for an
Arginine (Arg), KK-14 (R10), was expected to display higher anti-
microbial activity. While the same antimicrobial activity as the KK-14
peptide was attained against three of the yeasts, for K. lactis and D.
hansenii a higher MIC was obtained than with the original prototype.
This was unexpected since a substitution of Pro to Arg increases the net
positive charge, which would be expected to increase the antifungal
activity of the peptide. Previous studies on cationic peptides demon-
strated improved antimicrobial activity through the production of ar-
ginine-substituted analogues (Mufoz et al., 2007; Taniguchi et al.,
2016). This insertion of an extra Arg, in combination with successive
Trp residues should have produced a peptide with a better interfacial
affinity for lipid membranes, leading to increased inhibition (Fjell et al.,
2012). Cationic peptides consisting of Arg residues followed by Trp
generated an antifungal peptide capable of inhibiting the growth of
Candida albicans (Jin et al., 2016). For those peptides that only showed
fungistatic activity at their MIC, the concentration of peptide required
to have a fungicidal effect was investigated further.

At the concentration of 800 pug/mL, S. cerevisiae and Z. rouxii were
completely inhibited by dKK-14 and Dip KK-14, respectively, in both
the disc diffusion assay and microdilution broth assay. This indicates
that the minimum amount of these peptides needed to cause complete
killing of the yeast was as high as 800 pg/mL. For KK-14 and dKK-14
against Z. bailii and K. lactis, respectively, 400 ug/mL was the minimum
fungicidal concentration.
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The peptides' mode of action towards S. cerevisiae was verified using
propidium iodide (PI) as the indicator for the detection of compromised
plasma membranes. PI is a fluorescent molecule that can bind to DNA
intracellularly (Crowley et al., 2016). Membrane permeabilisation to-
wards S. cerevisiae was difficult to detect even at the highest con-
centration of peptide tested in the antifungal assays (200 ug/mL). A
two-fold higher concentration of each peptide was therefore tested
(400 pg/mL). At this dose, strong permeabilisation was detected for
peptides Dip KK-14, dKK-14 and KK-14 (R10). Peptide KK-14, however,
was found to be the least effective at causing permeabilisation. This
assay confirmed that one possible mode of action of the peptides is via
the permeabilisation of yeast membranes. The application of these
peptides for use in human consumption can be assumed to be safe, with
respect to the peptides' ability permeabilise mammalian membranes.
The cationicity and amphipathicity of the peptides enable interaction
with the yeast membrane, a negatively charged structure. The neutral
nature of mammalian membranes renders them un-effected by these
peptides' (Bechinger and Gorr, 2017; Kumar et al., 2018; Wimley,
2010).

The kinetics of the membrane permeabilisation demonstrated that
KK-14 (R10) caused permeabilisation at a faster rate than KK-14 and
Dip KK-14. The higher helicity caused by the Arg residue, as well as the
Trp/Arg succession in this peptide sequence could have resulted in the
increased permeabilisation of the yeast (Deslouches et al., 2016). Many
well studied AMPs are recognised for their ability to induce cell death
via a number of different mechanisms. One of which is through the
stimulation of ROS overproduction (Bondaryk et al., 2017). This was
not detected, even at the highest concentration of 400 ug/mL. This
suggests that ROS production was not a factor in the antifungal activity
of the peptides. Thus, membrane permeabilisation was the more likely
mode of action of the peptides. Interactions between the peptides and
the binding sites on the yeast's membrane known as sphingolipids,
could have facilitated such membrane permeabilisation (Bondaryk
et al., 2017). The hydrophobicity of the peptides also contributed to this
mode of action. It has been shown that the amino acid residues Phe,
Trp, Leu and Ala, present in each the peptides, contain hydrophobicities
above a threshold value (a value obtained from the calculated indices of
a peptide's amino acid residues and which determines the peptide's
hydrophobicity and thus its ability to integrate into cell membranes)
enabling them to spontaneously insert into membranes (Liu et al., 1996;
Stark et al., 2002). Thevissen et al., 1999 demonstrated that the pri-
mary cause of growth inhibition by plant defensins is through binding-
site mediated insertion.

The stability of the peptides was tested under high salt concentra-
tions the concentrations of which were tested being based on previous
research (Betts et al., 1999; Kandasamy and Larson, 2006; Wu et al.,
2008). Both salts showed a similar negative effect on the antifungal
activity, particularly at the higher concentration; however the modified
peptides were effected to a lesser extent than the original KK-14 pep-
tide. There was a statistical difference in the peptides' inability to in-
hibit Z. bailii under the influence of the different salt concentrations, in
particular for MgCl,. The presence of cations in the medium may be a
factor that could have prevented the peptides from interacting with the
cell membrane of the yeast, a significant step required for optimal ef-
fect. It has been shown that at a higher salt concentration, peptides are
less likely to interact with the cell membrane. In addition, the presence
of salts may have altered the peptides' overall charge causing a mod-
ification to their structure (Baldauf et al., 2013). This interference could
be due to a reduction of the available head group area for the lipids,
which leads to their tighter packing, making it more difficult for the
peptides to penetrate and cause effect (Wu et al., 2008). The sensitivity
of these peptides to the monovalent cation K*, in the form of KCI, re-
duced their antifungal activity at high salt concentration. Testing the
peptides against the salts enabled for the better understanding of the
peptides' response to a high salt matrix, an environment commonly
found in food spoiled by such yeast (Rawat, 2015).
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Subjecting KK-14 to a heat treatment caused a decrease in peptide
activity against Z. bailii. Heating could have caused irreversible changes
to its secondary or tertiary structure. This loss of structure may have
consequently caused a reduction in its antifungal activity (Ozkan et al.,
2016). The stability of dKK-14, KK-14 (R10) and Dip KK-14 was un-
affected, indicating their stability in high temperature. One potential
reason for this could be the lack of tertiary structure and the flexibility
of the peptide. It's been shown that the greater the flexibility of some
cationic peptides, the more enhanced the antimicrobial effects (Liu
et al., 2013).

Adjusting the medium to pH 3 resulted in no inhibition of Z. bailii
growth in the presence of any peptide. This could be due to the ability
of yeast to thrive in acidic environments. Z. bailii is a yeast notorious for
its resistance to acidic, low pH, environmental stresses (Palma et al.,
2017). In addition, significantly changing the pH of the medium could
have modified the charge on the peptides, leading to the alteration in
peptide folding. This could have then resulted in a decrease in their
activity (Di Russo et al., 2012). This change in peptide structure cou-
pled with Z. bailii's resistance to the low pH media may explain this
complete lack of inhibition observed (Yang and Honig, 1993). At high
pH, there was complete inhibition of growth; however, this was likely
due to the unfavourably high pH being unsuitable for growth, rather
than peptide activity (Dang et al., 2010).

Dip KK-14 was the most favourable peptide that could be considered
in the application as an antifungal agent. The combination of its low
MIC, good membrane permeability, and stability against most of the
salt concentrations, make for a promising antifungal agent.

Application of the peptides to two food group with which Z. bailii is
commonly associated, enabled investigation of the peptides for real-
world applications. In the soft drink (Fanta Orange) the growth of Z.
bailii was completely inhibited by all peptides at all concentrations
tested, even at the lowest concentration (12.5pg/mL). This could in-
dicate a potential synergistic effect between the peptides and a com-
ponent of the soft drink, which may have enhanced their inhibitory
effect. Indeed, growth was observed for the control, consisting of Z.
bailii alone inoculated in the Fanta Orange, indicating that the presence
of preservatives in the soft drink had no effect. Testing of the peptides
against Z. bailii in mayonnaise resulted in no inhibition. This could be
attributed to the viscosity of the mayonnaise, physically inhibiting the
interaction between peptide and yeast. This highlights a limitation of
use of these peptides when applied to such a viscous matrix, making
them unsuitable for use in certain types of foods. Although limitations
may arise, the overall ability of each peptide to cause inhibition of yeast
makes them an appealing substitute for chemical preservation of certain
food types. This study highlights the potential for using peptide mod-
ification as a means of creating synthetic peptides suitable for appli-
cation as anti-yeast agents in food. The cost of synthesis of such syn-
thetic peptides may, however, currently be a limitation to their
incorporation as food preservatives. An alternative to this challenge
associated with synthetic peptides can be the incorporation of natural
peptides extracted from plants.
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