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ABSTRACT

Plant defensins are small, cysteine-rich antimiiaigheptides of the immune system found in
several organs during plant development. A synthediptide, KT43C, a linear analogue of
the native Cp-thionin Il found in cowpea seeds, wealuated for its antifungal potential. It
was found that KT43C displayed antifungal activagainst-usarium culmorum, Penicillium
expansum andAspergillus niger. Like native plant defensins, KT43C showed thermubtg

up to 100°C and cation sensitivity. The synthegptme decreased the fungal growth without
inducing morphogenic changes in the fungal hypfNan-inhibitory concentrations of the
peptide induced permeabilization of the fungal meamb. In addition, high concentrations of
KT43C induced the production of reactive oxygencsgein the granulated cytoplasm. To
investigate potential applications, the peptide wasd as an additive in the preparation of
dough which did not contain yeast. This peptidewgedl the development of fungal growth in
the dough by 2 days. Furthermore, KT43C did notuasdred blood cell lysis up to a
concentration of 200 pg.thl These results highlight the potential for the o$esynthetic
antimicrobial defensins for shelf-life extensionfodd products.

Keywords : cowpea thionin ; linear defensin ; amigal activity ; dough
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INTRODUCTION

Plants have developed an ancient and complex defgrategy through their immune system
to combat pathogens and abiotic stresses (de BeeWaier, 2011; Lacerda et al., 2014).
Among their many defense systems, the productioncaifonic antimicrobial peptides
(cAMPs) is a major contributor to plant resistateghytopathogens, thanks to their broad
spectrum of activity (Stotz et al., 2009). Plant RM have been divided into several
categories based on their amino acid structurejesexp identity or tertiary structure (Nawrot
et al., 2014). Among these AMPs, plant defensinge\iest discovered in the seeds of wheat
and barley (Colilla et al., 1990; Mendez et al.9@pP Plant defensins can be divided into
three groups : defensins leading to morphogeniagds in the fungal hyphae, defensins
causing reduction of hyphae without morphogeniages, and defensins without antifungal
activity (Broekaert et al., n.d.). The expressidrplant defensin genes has been reported to
be increased in response to pathogens, which sisgiperidea that these peptides constitute a
major defence mechanism (Garcia-Olmedo et al., 1988addition, the localization of the
plant defensins in different plant organs and gsswvith a preferential cell-wall location in
epidermal cells (Lacerda et al., 2014), is highbngistent with a defensive role. The
defensins also play a role in the protection agamsects, abiotic stress and metal tolerance
(Carvalho and Gomes, 2009).

Plant defensins are cysteine-rich cationic peptidéss-8 kDa whose mature domain
comprises 45 to 54 amino acid residues, with agléstric point around 9. The global fold of
plant defensins consists of a cysteine-stabilizedfniCSa/B) made up of am-helix and a
triple-strandedp-sheet stabilized by four disulfide bridges (C1-C3/C5/C3-C6/C4-C7)
(Lay et al., n.d.). In addition to this motif, Yauet al. (Yount et al., n.d.) reported the
importance of an additional conserved motif, namedre, for the antimicrobial activity of
the peptide.

The mode of action of several plant defensins heenlextensively studied and different
mechanistic steps have been identified but arengetompletely understood (Thevissen et
al., 2004; Thomma et al., 2002). In many casesyitlves the recognition and binding to a
cell wall (e.g., glucosylceramide) or membrane.(gpbosphatidic acid) receptor (14). Then,
plant defensins are either internalized into thaghl cell or stay at the surface of the
membrane and induce several mechanisms: activatienzyme pathways, modification of

ion fluxes, inhibition of conidial germination onduction of apoptosis. In contrast to
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mammalian and insect defensins, the insertion aritpliefensins in the fungal membrane via
pore-formation is uncommon and the mechanism oftogation of the peptides has not yet
been identified (14)Plant defensins are generally non-cytotoxic to mairan and plant
cells (Thevissen et al., 2004). However, some pll@fi¢nsins have been reported to display
C&* channel inhibition, anticancer activity and mitoigeactivity towards mammalian cell
lines (3, 15). The toxicity of defensins and cAMiAsgeneral has been attributed to the
presence of disulfide bonds, their high hydrophitpiand amphipathicity (Hollmann et al.,
2016; Jenssen et al., 2006). Consequently, theymesi linear analogues of AMPs and
defensins showing antimicrobial properties has eghistrong interest. For example, a linear
variant of humarg-defensin 3 has been shown to partially retairaitmicrobial activity,
without any toxicity towards human erythrocytes a@odjunctiva epithelial cells (Liu et al.,
2008).

Fungal spoilage is a major issue in cereal-basedsfand in the wider food industry. In
addition to economic losses due to unpleasant dlisv@and appearance, mould has the
potential to cause health issues due to the prmstuct mycotoxins (Pitt and Hocking, 2012).
Among the different cereal-based products, chilledigh is recognized as a convenient
solution to the consumer’'s desire for oven-frestkeba products. Despite the chilled
conditions, bacterial and fungal growth can appkaing the storage of this dough. In order
to prevent spoilage, a range of preservatives aesl,ubut the overuse of these artificial
preservatives has a negative image with the consudléernative solutions to such
preservatives, including natural antimicrobial pegs such as nisin, are already in use but
their application is still challenging, mainly due their narrow spectrum of activity
(Dielbandhoesing et al., 1998). In contrast, duehwir natural role in plant protection,
defensins present promising properties, such aiiiidm of a broad range of microorganisms
and this can be exploited in food applications.

The defensin Cp-thionin Il has been extracted foomvpea seeds and displayed antimicrobial
activity against Gram-positive and Gram-negativetéida (Franco et al., 2006). The
objective of this study was to characterize théfamgal activity of a linear analogue of Cp-
thionin Il, KT43C. The application of this synthetpeptide for the prevention of fungal
growth in dough was also studied. In addition, éfiect of the peptide on red blood cell

integrity was examined to determine its toxicity.

MATERIAL AND METHODS
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Defensin

A synthetic peptide (purity >70%), named KT43C (k@2a), a linear analogue of the plant
defensin Cp-thionin 1I, was synthesized by and pased from GLBiochem, Shanghai,
China. Synthesis was made by solid-phase method &snoc chemistry, as described by the
manufacturer. Fmoc group was removed by treatieg¢isin with a mix of piperidine/DMF

(20/80). A MALDI-TOF mass spectrometry (SHIMADZU AMA Assurance) was

performed by GLBiochem to confirm the stability tie peptide after synthesis (see
Supplementary information). The lyophilized peptidas reconstituted in 0.1% acetic acid

(pH 3.5) and stored in vials at different concetiras at -20°C.

Fungal strains

The filamentous fungi used in this study represemhe of the main contaminants of cereal-
based products (Beuchat, 1987) includiRgsarium culmorum, Aspergillus niger and
Penicillium expansum. The fungal straing. culmorum FST 4.05A. niger FST4.21 andP.
expansum FST 4.22 originated from the culture collection the School of Food and

Nutritional Sciences, University College Cork (Coleland).

Fungal growth inhibition assay

To determine the antifungal activity of the synibgteptide, the fungal growth was followed
in a microtiter plate assay as described previobsiywan der Weerden et al. (Van Der
Weerden et al., 2008) with some modifications. BBrjefungal spores were collected from
mature colonies grown for 72 h on potato dextrogar §PDA) (Sigma-Aldrich) plates at
25°C, counted on a haematocytometer and inocuiateghthetic nutrient-poor broth. Fungal
spores were then diluted in half- strength potatab(1/2 PDB) (Sigma-Aldrich) to obtain a
final concentration of 1xX0spores.mt. Spore suspensions (80 pl) were added to the afells
a 96-well microtiter plate.

Filter-sterilized synthetic peptides (20 cl) at centrations ranging from 5 pg.fnto 200
ng.mi* (final concentration) were then added to the furngdls. Fungal growth was assessed

by measuring the absorbance at 595 nm for 96 b°@ PMultiskan TM, Thermo Scientific).
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Cell suspensions in 0.1% acetic acid (in ¥2 PDB, pHFrwere used as negative controls.
Each test was performed in triplicate.

The inhibition of fungal growth by KT43C was themamined on PDA plates. The same
solutions were prepared as described above and Zfté incubation at 25°C, 50 ul were
spot-inoculated on PDA plates. Pictures of thegslatere taken at 24 h intervals for a period

of three days.

MIC/ICso determination

After 96 h of incubation at 25°C, the MIC was reedthe lowest concentration of KT43C
resulting in complete inhibition of fungal growthhe required concentration to inhibit 50%
of the growth (IGy) was determined by non-linear regression, usirgy gbftware Graph
PRISM (GraphPad Software, Inc., La Jolla, CA) wilite microplate reader data.

Thermal stability of KT43C

In order to investigate the thermal stability of4&3IC, a peptide solution was heated at 100°C
for 15 min. After cooling at RT, the activity of KEBC (MIC = 20 pg.mt) was measured
against~. culmorumin a96-well microtiter assay as described above.

Effect of cations on the antifungal activity of KT43C

To determine the effect of cations on KT43C agfivéan antifungal assay was performed in
different salt solutions. Fungal spores (1%Xpores.mf) were inoculated in medium
containing either 100 mM NaCl, 50 mM KCI, 5 mM CaGt 5 mM MgC}, as described
previously (Terras et al., 1992). After the additiof the peptide, the inhibitory activity of
KT43C (concentration = 20 pg.)l was measured against culmorum in a 96-well
microtiter assay as described above.

Characterization of the antifungal activity

To visualize the action of KT43C agairstculmorum spores, the peptide, at concentrations
of 5 and 20 pg.n, was added to % PDB inoculated with fungal spoké®r 24 h, 500 pl of

each solution was freeze-dried for further analyBigse hundred pl of 70% glycerol was
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added to the solutions to avoid damage due to dreleging. The lyophilized samples were
then analysed using a JEOL scanning electron nuopestype 5510 (JEOL, Tokyo, Japan),
as described by Oliveira et al. (Oliveira et al12), with some modifications. Briefly, fungal
mycelium was mounted onto plain aluminium stubs)giggarbon double surface adhesive
and coated with a 7 nm gold layer using a Gold tep@oater (BIO-RAD Polaron Division,

SEM coating system, England) and observed undenstant accelerating voltage of 5 kV.

Membrane per meabilzation assay

To characterize the mode of action of the syntheiptides againsk. culmorum, a
SYTOX® Green (Molecular Probes) uptake assay watqmeed as described by van der
Weerden et al. (Van Der Weerden et al., 2008), sattme modifications.

F. culmorum hyphae were grown in % PDB from a suspension &bspores.mt for 18 h

at 25°C. The hyphae were then incubated with 10ar&D 50 pg. mt of KT43C at room
temperature with gentle agitation. SYTOX® Green \adsled (final concentration of 0.5
pKM) and the hyphae were allowed to stand for 10 Fiwmorescence of hyphae was measured
using a fluospectrophotometer (Varioskan® LUX emadfor 2 h with excitation and
emission wavelengths of 488 and 538 nm, respeygtivel visualized using a fluorescence
microscope (Olympus Fluoview) (excitation waveldng60-490 nm). Solutions of hyphae
without peptides or with 1% Triton X-100 (Sigma-Alth) were used as negative and
positive control, respectively. For each concermratof KT43C, the experiment was

performed in triplicate.

Induction of reactive oxygen species (ROS) assay

The detection of ROS was performed as describedanyder Weerden et al. (Van Der
Weerden et al.,, 2008) with some modificatiofs. culmorum hyphae were grown as
described above and then treated with KT43C or mfate12 h. Following the incubation,
the hyphae was incubated with 10 pg-ndihydrorhodamine 123 (Sigma-Aldrich) for 2 h
followed by extensive washing with 0.6 M KCI. Flescence of hyphae was measured using
a fluospectrophotometer with excitation and emissiavelengths of 488 and 538 nm
respectively, or visualized using a fluorescencecrosicope (Olympus) (excitation
wavelength 460-490 nm). Solutions of hyphae withpeptides or with 1% Triton X-100
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(Sigma-Aldrich) were used as negative and positoantrol, respectively. For each

concentration of KT43C, the experiment was perfatinetriplicate.

Circular dichroism

The analysis of secondary conformers of KT43C ffedgnt solutions was observed by using
circular dichroism (CD) spectroscopy as describgdlib et al. (Liu et al., 2008). Peptide (1
mg.ml*) was diluted into deionized water or 20 mM sodidodecyl sulfate (SDS). CD
measurements were performed by using a Chird¥ca@D Spectrometer (Applied
Photophysics), at 27°C within a wavelength rang&8-260 nm. Measurements were made

in triplicate and the solvent CD were subtractearfithe sample CD.

Chilled dough shelf life

Dough of 10 g was prepared according to a stand&ige (without yeast) consisting of 63%
(w/w) flour, 1.5% (w/w) sugar, 3% (w/w) fat and @3(w/w) salt. A solution of 20 pg.ml
KT43C in sterile distilled water was inoculated witx1F spores.mit (final concentration) of
F. cumorum and added to the mix. Water, without peptide, waed as control. After
preparation, the dough was packed into sealediplaags and filter pipette tips were inserted
into the bag to allow gas exchange. Dough was dtard°C. The shelf life of the dough was
monitored over 14 days, as described by Dal Belk.€Dal Bello et al., 2007).

Fungal contamination in the dough

Fungal contamination of dough was estimated by oreas the ergosterol concentration as
described by Jedlkova et al. (Jedlickova et al., 2008)th some modifications. Briefly, 10 g
of ground dough was treated with 50 mL of methana closed vessel and was shaken for
30 min. Then, 25 mL of cleaned extract was placed a test tube and 3 g of KOH was
added and stirred until dissolution of KOH. Ten mlLn-hexane was then added and the
solution was incubated at 65°C in a water bath3f@rmin. After cooling at RT, 5 ml of
distilled water were added and the hexane layer plased into a beaker. The extraction
process using hexane was repeated three times 1@&imd. of the solvent. The extracts were
then pooled and evaporated until dry in a vacuuyerdiScanvac, Labogene) and redissolved

in 5 mL of methanol. The extracted samples werdyaad using HPLC with a DAD. The
7
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mobile phase was methanol, and 1.0 mL/min was tbemal flow rate. The column
temperature was held at 25 °C. A control was nwitle the addition of standard ergosterol

(Sigma-Aldrich) into fresh dough. A 95% recoverysaabtained with the standard ergosterol.

Haemolysis assay

KT43C was assayed for its ability to induce haerobul release from fresh defibrinated
sheep erythrocytes as described by Laverty eLavety et al., 2010). Fresh sheep red blood
cells (Thermo Fisher Scientific) were washed thmees with equal volumes of PBS. After
centrifugation for 15 min at 900g, erythrocytes aveesuspended to 4% (v/v) in PBS.
Eythrocyte suspension (80 uL) was added to th&swéh 96-well microtiter plate, followed
by the addition of 20 ul of KT43C in PBS at diffateconcentrations. After incubation at
37°C for 1 h, the suspension was clarified by é¢rgation at 1,000g for 10 min. Supernatant
was transferred to a fresh 96-well microtiter platel haemoglobin release was measured
spectrophotometrically at 405 nm. Erythrocytes weeeated with 0.1% Triton X-100 (in
PBS) and PBS alone as positive and negative contedpectively. The percentage

haemolysis was calculated as described by Lavedy @ averty et al., 2010) :

_(Abs405 peptide treatment)—(Abs405 PBS)
(Abs405 0.1% Triton X—100)—(Abs 405 PBS)

% Haemolysis

The release of haemoglobin was determined forepkaates.

Satistical analysis

Statistical analysis was carried out using MicrostfSTAT Version 2015.5.01. (Adinsoft
Inc, New York, USA). Standard deviations were chlted for absorbance values at each
concentration of KT43C based on triplicates, exdepthe haemolysis assay for which six

replicates were used.

The effect of the different salts on the antifungetivity of KT43C was analysed with a one-
way ANOVA followed by a Tukey-Kramer HSD test toeittify differences relative to the
positive control (KT43C in 0.1% acetic acid). In ehses, a probability of p<0.05 denoted

significance. The same statistical analysis wasezhout to determine individual differences



267 in haemolysis activity for each concentration of 48C in comparison to the negative
268 control.

269

270 Results

271

272  Antifungal activity of KT43C
273

274  The growth of spores d@f. culmorum, P. expansum andA. niger was followed in presence of
275 different concentrations of the peptide KT43C, imiarotiter plate assay. After 96 h, KT43C
276 showed the highest antifungal activity agaistulmorum with an G of 12.5 pg.mif and a
277 MIC of 20 pg.mi* (Fig.1A). Growth ofA. niger was delayed but the MIC, after 96 h, was not
278 apparent within the concentration range of theifepised in the study (up to 200 pginl
279 (Fig.1B). The growth oP. expansum was only inhibited with a peptide concentratior26D
280 pg.mi* (Fig.1C). The inhibition of fungal growth was casited on PDA plates (Fig. 2).
281 KT43C inhibited fungal growth without induction aforphogenic changes B culmorum
282 hyphae, e.g. branching, as observed with scanthéatyen microscopy (Fig. 3).

283

284  Effect of heat and salt on the antifungal activity of KT43C

285

286 A solution of KT43C was treated at 100°C for 15 maind the antifungal activity was
287 determined againgt. culmorum. The antifungal activity of KT43C (MIC = 20 ug.hlwas
288 completely maintained after heat treatment (99.6.604 % of fungal growth inhibition),
289 demonstrating the thermostability of the synthpaptide.

290 The effect of cations on the activity of KT43C agaiF. culmorum s presented in Figure 4
291 The presence of cations, especially divalent casmich as Cd and Md*, partially or totally
292 inhibited the antifungal activity of KT43C.

293

294  Mode of action of KT43C

295

296 To identify some characteristics of the mode ofoacdf KT43C, a SYTOX® Green uptake
297 assay was performed d¢h culmorum with different concentrations of KT43C. The peptid
298 induced permeabilization &. culmorum hyphae at a concentration of 10 pg'rahd higher

299 (Fig. 5). Permeabilized hyphae had significant plgemic granulation at higher
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concentrations. However, KT43C-induced permealiibpa appeared to be required for
inhibition but was not sufficient to cause cell thea

Another inhibitory mechanism is the increased gatiem of free radicals, mostly from a

mitochondrial source, which can lead to an exced&ivel of reactive oxygen species (ROS),
commonly known as oxidative stress. Significantdoiction of ROS appeared only at
concentrations of KT43C well above those requidhibit fungal growth (Fig. 6). These

results suggest that the overproduction of ROS medsa primary mechanism of antifungal
action of KT43C againgt. culmorum, but may, at high concentrations, enhance ityiagti

Circular dichroism

Native defensins possess a characteristiefG8otif, in which tertiary structures, such as an
alpha helix and antiparall@tsheet are stabilized by disulfide bonds. In agsesmiutions, in
the absence of disulfide bonds, the linear ana®goé defensins present random
conformations and therefore are thought to be rflexéle. In contrast, in trifluoroethanol or
SDS micelles (a membrane-mimicking model), the @mats could adopt structured
conformations.

The secondary structures of KT43C were studied Dys@ectroscopy (Fig.7). In deionized
water, the peptide appeared unstructured with anmairat ~200 nm, which is consistent with
the presence of transiefithairpin or turn-like conformations. A transitioa observed in
presence of SDS with a crossover at ~195 nm thatlates with the presence of more
structured conformers. The slightly positive peak 0 nm and the double minima at ~205
nm and ~223 nm indicate a propensity dehelical conformations with the presence @a
hairpin.

Application of KT43C in dough

Spoilage fungi, such a&usarium spp. in wheat or barley, are ubiquitous in cereal
environments. Although the baking step essentlally spoilage fungi, the presence of heat-
stable mycotoxins remains a potential health is3uee protection of raw material or a
microbiologically unstable cereal-based productirsiafungal growth is therefore an

absolute necessity.

10
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The synthetic peptide, KT43C, was used as an digne in the preparation of bread dough
(20 pg.mt), based on total flour weight. The monitoring bé tshelf life of chilled dough,
previously inoculated witl. culmorum spores is presented in Figure 8. For 14 days, ldoug
was monitored each day and classified into diffecategories based on the percentage of
fungal contamination present on the surface. Theeldpment of fungal colonies on the
treated dough was delayed by 2 days compared taihgh without peptide. To quantify the
fungal contamination, the concentration of ergadtar the dough was determined. After 14
days of storage, the level of ergosterol in thetrmbmough was twice as high as in the treated
dough (17.5 + 3.5 and 7.6 + 0.9 pg’mrespectively). The synthetic defensin was thus
shown to be an efficient tool against fungal sgmlaf dough. In addition, the thermostability

of KT43C could allow its exploitation as a nhoveégervative in baked goods.

Haemolysis assay

In order to determine the safety of KT43C againstmmmalian cells, the activity of the
peptide against red blood cells was measured. dlleage of haemoglobin from fresh sheep
erythrocytes after treatment with KT43C was measure a microtiter plate assay. At
concentrations up to 200 pg:MIKT43C did not lyse the red blood cells (data simown).
The safety of KT43C against mammalian blood cellan essential parameter for potential
applications in food products.

Discussion

Previous studies have highlighted the antifungadr¢@ho et al., 2001) and antibacterial
(Franco et al., 2006) activity of antimicrobial pieles isolated from cowpea seeds, such as
the defensin, Cp-thionin Il as described by Fraetcal. (Franco et al., 2006). In this study, a
synthetic linear analogue of Cp-thionin Il, nam&{f43C, exhibited antifungal activity
againstF. culmorum, P. expansum andA. niger (Fig. 1); while KT43C has been previously
shown to inhibit Gram-positive bacteria (Kraszewslaal., 2016), to our knowledge, the
antifungal activity of cowpea antimicrobial peptder derivatives has never been described
for the fungi studied here. A synthetic linear agale of Cp-thionin Il, namely KT43C,
exhibited antifungal activity against culmorum, P. expansum andA. niger (Fig. 1).

Despite the absence of disulfide bonds in its liretaucture, KT43C displays antifungal and

antibacterial activity. Disulfide bonds are detemamts of defensins’ integrity and have been

11
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reported to increase the antimicrobial activitynGeen et al., 2006). However, some linear
derivatives of AMPs (Wu and Hancock, 1999) and uigifes (Liu et al., 2008) are able to
retain partial or complete antimicrobial activitftest removal of the disulfide bonds. Other
parameters, such as net charge, hydrophobicityhgraghicity and flexibity, are essential for
the antimicrobial activity of AMPs. Although disidé bridges are not essential for the
antimicrobial and antifungal activity of Cp-thionih the presence of free cysteine residues
may modify the hydrophobicity of the peptide anértilchange its activity. However, this
effect seems unclear for linear analogues of defsrfkiu et al., 2008; Nagano et al., 1999).
Dimerization of plant defensins is also a highlgnsiicant criterion for their antifungal
activity (Song et al., 2011). Plant defensins tham dimers become highly efficient
molecules against pathogenic fungi due to a stromgeraction with the negatively charged
proteins of the fungal cell wall and membrane (lamd Anderson, 2005). However, the
oligomerization of defensins does not appear tarhoeial, as shown for the antibacterial
activity of Cp-thionin Il (Franco et al., 2006).

KT43C displayed antifungal activity agairfst culmorum, A. niger andP. expansum. These
three fungal species belong to the same subdividtedzomycotina, but F. culmorum
belongs the class &brdariomycetes while P. expansum andA. niger both belong to the class
of Eurotiomycetes. Although the mechanistic action of KT43C on thésegi may have
similarities, differences in cell/wall compositian fungal physiology between these species
may be pertinent to the mode of action of KT43C asdntifungal potency. Differences in
the mode of action of the plant defensin MtDef4 iagfaNeurospora crassa and F.
graminearum have been described by EI-Mounadi et al. (EI-Malied al., 2016).

KT43C inhibited growth ofF. culmorum without inducing morphogenic changes in the
hyphae (Fig. 3). This finding is in agreement wilie ability of KT43C to inhibit Gram-
positive bacteria (Kraszewska et al., 2016) andahigbacterial activity of native peptide
(Franco et al., 2006). Indeed, only non-morphogel@fensins appear to have an effect on
bacteria (Carvalho and Gomes, 2009).

After heat treatment, KT43C retained its antifungelivity against~. culmorum. The heat
stability of KT43C has also previously been shomggarding its antibacterial potency
(Kraszewska et al., 2016). Terras et al. (Terrad.e1992) and Broekaert et al. (Broekaert et
al., n.d.) have reported the thermal stability efeshsins from radish and other plant species.
The role of disulfide bonds in defensins stabil@atwas highlighted by Terras et al. (Terras
et al., 1992). KT43C appeared unstructured in agsiesolutions but adopts anhelical

conformation in a membrane environment (Fig. 7)e Tdndom conformations and flexibility
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of the peptide could protect from thermal denatarat The adoption of a structured
conformation in presence of SDS may indicate péssitieractions between KT43C and a
membrane-mimic environment. This new conformatiould be related to its antifungal
activity (Domingues et al., 2008; Liu et al., 2008)

The presence of ions, especially divalent catibias, been proven to decrease the antifungal
activity of native plant defensins (Vriens et @&014). The antifungal activity of this linear
analogue of Cp-thionin Il was demonstrated to ls® alffected by the presence of cations
(Fig. 4). Kraszewska et al. (Kraszewska et al16)(0reported that the peptide keeps its
antibacterial activity in the presence of NaCl,tab0 mM, but loses it at 100 mM. The loss
of activity in presence of cations is a common deatfor plant defensins and AMPs linear
derivatives in general (Adem Bahar and Ren, 20X8n¢ et al., 2014). This effect is due to
the weakening of electrostatic interactions betwiencationic peptides and the negatively
charged membrane of microbial cells (Wu et al.,30@ther potential effects may include
structural changes in the peptide (Oard and K&®(6), or stabilization of the microbial
membrane by cations (Thevissen et al., 1999).

Plant defensins (Vriens et al., 2014) and linearPSMDomingues et al., 2015; Liu et al.,
2008) have been shown to present several modesctaina Among these different
mechanisms, permeabilization of the fungal membitzame been described as a secondary
effect of plant defensin action (Vriens et al., 2)1but is primarily involved in the
antimicrobial activity of linear peptides (Bechimgand Lohner, 2006). Like native plant
defensins, such as NaD1 (Van Der Weerden et al0)20r linear antimicrobial peptides
(Van Der Weerden et al., 2010), KT43C causes fumgainbrane permeabilization &f
culmorum at the MIC (Fig. 5), but at a slower rate of agtthan the native peptide (data not
shown). The time difference can be explained leyfthmation of oligomers of the synthetic
peptide or the necessity to reach a sufficient entration of peptide at the surface of fungal
membrane (Thevissen et al., 2004). Another hypahesuld be a limited mobility of
aggregates of KT43C that tend to form into they®l environment because of changes in
hydrophobicity, as described for tachyplesin (Had bee, 2015).

At high concentrations, KT43C induces a high prdigducof ROS inFusarium hyphae (Fig.

6). The generation of ROS is involved in mechanisefsted to oxidative stress and damage,
leading generally to cell-death. The interactionthwiintracellular targets and the
overproduction of ROS in the fungal cytoplasm haerbhighlighted for several defensins
(Vriens et al., 2014) and linear AMPs (Huang et 2010). In addition, a model, involving

pore-formation and intracellular target stratecggs hlready been considered for several linear
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AMPs (Mason et al., 2007). Like KT43C, ROS prodoctivith NaD1 was only observed at
concentrations greater than the MIC, even when manebpermeabilization was observed,
suggesting a partial role for oxidative stressuimglal inhibition. (Hayes et al., 2013).

A major issue with the use of cAMPs in pharmacelsicor food applications is their
potential toxicity towards mammalian cells. Theuetibn of hydrophobicity and the absence
of disulfide bridges in linear derivatives have hgminted out as key elements in reducing
their cytotoxicity (Liu et al., 2008KT43C did not induce red blood cells lysis in thage of
concentration used for the antifungal assays. Dubéd presence of cholesterol, mammalian
cell membranes have been shown to be less sensitidestabilization by linear cationic
AMPs than fungal membranes (containing mostly esgof (Mason et al., 2007). Another
study from our group has shown that the synthettonic peptide OOWW-NH2 is inactive
against gut Caco-2 cell lines (Thery et al., 20I8)e cytotoxicity of plant defensins has
already been proven to be low, even negligible yidsen et al., 2004). In addition, Liu et al.
(Liu et al., 2008) showed that a linear analoguehBD-3 displayed lower cytotoxicity
compared to the native form of HBD-3. The decreasgdtoxicity towards mammalian cells
of linear derivatives of AMPs and defensins hasnba#iributed to the removal of the
disulfide bridges, decreasing the overall hydroptiop(Liu et al., 2008).

KT43C (20 pg.ml) was used as an ingredient in the preparationhifed dough and
delayed the growth d¥. cuimorum by 2 daysn a challenge test. The use of natural (Lucera
et al., 2012; Rai et al., 2016; Rydlo et al., 20863 synthetic (Appendini and Hotchkiss,
2000; Thery et al., 2018) AMPs to prevent spoilafjibod products has been reported. Thus,
the synthetic analogue of the hump@sdefensin 3 protects bread against environmental
contaminants, with a shelf-life extension of 3 dgyery et al., 2016). Although the
concentration of KT43C used in this test was theCMigainstF. culmorum, the conidial
germination was not completely inhibited. The preseof other dough ingredients and
proteases resulting from the preparation procesg afi@ct the antifungal action of the
peptide. The sensitivity of AMPs to proteolytic éggion is a major concern for a potential
use as food additive to avoid further action omcthe intestinal system.

In this study, a synthetic linear analogue of thgtkonin I, showed antifungal activity
against common fungal contaminants of cereal andat&ased products. The analogue
defensin, KT43C, presented similar characteristichative plant defensins, such as heat

stability and cation sensitivity. The synthetic pee appears to be an efficient tool against
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fungal contamination of dough. Given its harmlessn®owards erythrocytes, KT43C may

represent a novel alternative to commonly used atepreservatives in the baking industry.
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Table 1 : Characteristics of the linear peptide KT43C aathparison with plant defensins

Name Source Sequence Identity Activity Function drerfice
Linear . KTCMTKKEGWGRCLID F. culmorum
. Synthetic i .
peptide fid TTCAHSCRKYGYMGG - A. niger This study
eptide
KT43C Pep KCQGITRRCYCLLNC P. expansum
Gram-positive
_ KTCMTKKEGWGRCLID
o Vigna S aureus o (Franco et al.,
Cp-thionin 11 ) TTCAHSCRKYGYMGG 100% ) y-thionin
unguiculata Gram-negative 2006)
KCQGITRRCYCLLNC _
E. cali
P. syringae
. RVCESQSHGFKGACTG .
o Vigna Trypsin (Melo et al.,
Cp-thionin . DHNCALVCRNEGFSGG 42% Unknown T
unguiculata inhibitor 2002)
NCRGFRRRCECTLKC
RTCMIKKEGWGKCLID
Vigna TTCAHSCKNRGYIGGN o a-amylase (Liu et al.,
VrD1 . 73% Insecticidal o
angularis CKGMTRTCYCLVNC inhibitor 2006)

Underlined cysteine residues are involved in didalbonds (C1-C8/C2-C7/C3-5/C4-C6)
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Fig. 1 Fungal growth inhibition by KT43C. ConcentratianfsKT43C are indicated in pg.ml
! (a) Fusarium culmorum FST 4.05 (b) Aspergillus niger FST 4.22 (c). Penicillium
expansum FST4.21. All absorbance values are the mean oé tteglicates
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Fig. 2 Examination of fungal inhibition after 24 h of idmation in 1/2PDB with different
concentrations of KT43C followed by 72 h of incubaton agar plates. (&). cuimorum FST
4.05 (b) A. niger FST 4.22 (c). P. expansum FST4.21. The concentrations of KT43C are
indicated below the pictures
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Fig. 3 Inhibition of F. culmorum germination in presence of KT43C observed with a
scanning electron microscopy: a : Control ; b :ggmpi* ; ¢ : 20 pg.mt. The magnifications
are indicated on the pictures. The absence of @rgermination and mycelium are clearly
visible with a concentration of 20 ug.frof KT43C
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Fig. 4 Cation sensitivity of the synthetic cowpea defen&iT43C (20 pg.mt). Percentage of
inhibition of F. culmorum growth after 96 h in growth medium in presenceiffecent salts:

**p<0.01, significant difference of the percentagfeinhibition between the control and the
tested media
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Fig. 5 SYTOX® Green uptake assay. a) After 18 h of grovighculmorum hyphae were
treated for 24 h with KT43C (0, 10, 20 and 50 pg)mPermeabilization of the fungal
membrane was determined by fluorescence with SYTOR@en (excitation 438 nm,
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emission 538 nm) and correlated to the percentagenibition. Values are the mean of three
different experiments. . cuimorum hyphae were observed with a confocal laser scgnnin
microscope, with an excitation wavelength 460-480 heft: no KT43C; middle: 20 pg.ml
KT43C; right: 50 pg.mt. High concentrations of KT43C induced permeabiitraof fungal

membrane, highlighted by fluorescence of the dgd,granulation of the fungal cytoplasm
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Fig. 6 Detection of reactive oxygen species (ROS) prodacia) After 24 h of growthE-.
culmorum hyphae were treated for 12 h with KT43C (0, 10a86 50 pg.mt). Production of
ROS was determined by fluorescence of DHR 123 {atxah 438 nm, emission 538 nm),
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and correlated to the percentage of inhibition.HEaalue is the mean of triplicates B)
culmorum hyphae were observed with a confocal laser scgnniicroscope, with an
excitation wavelength 460-490 nm. Left: no KT43@ht : 50 ug.mif
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Fig. 7 CD spectra of KT43C in presence of DIW (solid )ime 20 mM SDS/DIW (dashed
line). In DIW, the absence of crossover and theimmum at ~200 nm indicate unstructured
conformation with transientp-hairpin. In SDS, KT43C adopts a more structured

conformation with the presence wfhelical andg3-hairpin conformers
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Fig. 8 Shelf life of chilled dough inoculated with. culmorum (1x1G spores.mt).The
development of fungal mycelium was monitored owrdays and the dough was classified
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according to the percentage of contamination (frAn{0% contamination) to E (50%
contamination)). a) Control dough; b) Treated dowith KT43C (20 pg.mt). Three doughs
were used in each experiment

Pictures of fungal contamination on chilled doudfleral4 days of storage are presented with

the charts
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Highlights

. A novel synthetic antimicrobial peptide inhibits fungal spoilage
. The structure and the mode of action of the synthetic peptide are characterized

. The synthetic peptide extends the shelf life of dough



