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The ability of Aspergillus flavus to produce aflatoxins in dairy products presents a potential hazard. The
antifungal protein PgAFP from Penicillium chrysogenum inhibits various foodborne toxigenic fungi,
including Aspergillus flavus. However, PgAFP did not inhibit A. flavus growth in cheese, which was related
to the associated cation content. CaCly increased A. flavus permeability and prevented PgAFP-mediated
inhibition in potato dextrose broth (PDB). PgAFP did not elicit any additional increase in permeability
of CaCly-incubated A. flavus. Furthermore, PgAFP did not alter metabolic capability, chitin deposition, or
hyphal viability of A. flavus grown with CaCl,. Comparative proteomic analysis after PgAFP treatment of
A. flavus in calcium-enriched PDB revealed increased abundance of 125 proteins, including oxidative
stress-related proteins, as determined by label-free mass spectrometry (MS)-based proteomics. Seventy
proteins were found at lower abundance, with most involved in metabolic pathways and biosynthesis of
secondary metabolites. These changes do not support the blockage of potential PgAFP receptors in
A. flavus by calcium as the main cause of the protective role. A. flavus resistance appears to be mediated
by calcineurin, G-protein, and y-glutamyltranspeptidase that combat oxidative stress and impede
apoptosis. These findings could serve to design strategies to improve PgAFP activity against aflatoxigenic
moulds in dairy products.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Some moulds are able to produce mycotoxins in foods, which
causes serious problems throughout the world. Aspergillus flavus is
one of the most serious mould contaminants, due essentially to
aflatoxin production in cereals and nuts. Additionally, A. flavus is
able to grow and produce aflatoxins and cyclopiazonic acid on in-
termediate moisture foods, including ripened cheese (Kokkonen
et al., 2005; Lie and Marth, 1967; Lopez-Diaz et al., 1996). The
strategies to prevent mycotoxin accumulation on ripened foods
include taking advantage of antifungal proteins produced by
moulds that prevent growth of mycotoxigenic fungi.

The antifungal protein PgAFP is produced by Penicillium chrys-
ogenum CECT 20922 (formerly RP42C), that was isolated from dry-
cured ham (Rodriguez-Martin et al., 2010). PgAFP belongs to a
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group of small, basic, cysteine-rich proteins, which also includes
PAF from P. chrysogenum (Marx et al., 1995), AFP from Aspergillus
giganteus (Nakaya et al., 1990), and NFAP from Neosartorya fischeri
(Kovacs et al., 2011). PgAFP can efficiently inhibit various toxigenic
moulds in culture medium, even A. flavus on a ripened meat
product, but not Penicillium polonicum (Delgado et al.,, 2015a).
A. flavus inhibition co-incides with increased permeability to
SYTOX Green, depressed metabolic capability, compromised cell
membrane, apoptosis, and necrosis. The proposed mechanism of
action for PgAFP is based on the lower relative abundance of Rho
GTPase Rho1 and G protein subunit § CpcB leading to alteration of
both cell wall integrity and response to oxidative stress (Delgado
et al,, 2015b). Conversely, higher levels of Rho GTPase Rhol are
involved in the resistance of P. polonicum leading to increased chitin
biosynthesis (Delgado et al., 2016).

The presence of cations in the media has been shown to
decrease the antifungal capability of these proteins (Galgoczy et al.,
2013; Kaiserer et al., 2003; Theis et al., 2003; Thevissen et al., 1999,
1996). High levels of extracellular divalent or monovalent cations
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seem to reduce the ability of the antifungal protein to provoke
permeabilization or altered calcium influx, as has been described
for PAF (Binder et al., 2010), AFP (Theis et al., 2003), and NFAP
(Galgoczy et al., 2013). However, the ultimate mechanism respon-
sible for this effect has not been elucidated. High external calcium
levels transiently increase cytosolic calcium levels in Aspergillus
nidulans (Nelson et al., 2004). Intracellular Ca®* is a secondary
messenger regulating various responses to stress signals in fungi,
including antifungal proteins (Binder et al., 2011, 2010). Given that
divalent cations are present in several foods, particularly calcium in
cheeses, the effect of high levels of this cation on PgAFP antifungal
activity against sensitive moulds requires urgent evaluation.

Comparative proteomic analysis has been described as a
powerful tool to study the unknown effect of substances on moulds
and yeasts. It has been used to study the effect of H»O, on moulds
(Lessing et al., 2007) and to identify the mechanism of action of
antifungal compounds (Cagas et al., 2011; Delgado et al., 2015b;
Gautam et al., 2008). Comparative 2D-PAGE is able to distinguish
changes in protein abundance, isoforms or post-translational
modifications (Gorg et al., 2004). However, this technique does
not reveal the whole proteome, as it depends on the range of pH
chosen (Gorg et al., 2009), and it is not able to effectively analyse
membrane and hydrophobic proteins (Rabilloud et al., 2009; Zhu
et al,, 2010). Label-free mass spectrometry-based proteomic anal-
ysis is able to identify proteins typically underrepresented in 2D-
PAGE studies (Owens et al., 2014), providing deeper proteome
coverage. Thus, these two techniques can provide complementary
information to study the PgAFP mechanism of action in moulds.

Results obtained from proteomic analysis guides the use of
specific assays to elucidate the mechanisms of action. The relative
abundance of A. flavus proteins can also give information about the
differential response of this mould against PgAFP when grown in a
calcium-enriched medium.

The objective of the present work was to evaluate the inhibitory
activity of PgAFP against A. flavus growth in cheese, and to explore
the effect of cations, mainly calcium, on PgAFP antifungal potential.
The changes induced by high calcium levels, in the proteome profile
and in selected metabolic and structural characteristics of A. flavus,
with and without PgAFP, were assessed.

2. Materials and methods
2.1. Strains

The PgAFP producer Penicillium chrysogenum RP42C (Spanish
Type Culture Collection, CECT 20922) and Aspergillus flavus CECT
2687 were used in this study. The latter produces aflatoxin in in-
termediate moisture foods (Bernaldez et al., 2014).

2.2. PgAFP purification

P. chrysogenum CECT 20922 was grown in potato dextrose broth
(PDB, Scharlab, Barcelona, Spain) pH 4.5, at 25 °C for 21 days
without shaking. Mycelia were removed, the culture medium was
filtered to obtain cell-free medium and PgAFP was obtained by Fast
Protein Liquid Chromatography as previously described (Acosta
et al., 2009; Rodriguez-Martin et al., 2010). Briefly, the cell-free
medium was separated by chromatography on cationic and gel
filtration columns, the sub-fractions containing the highest absor-
bance peaks were tested against reference sensitive moulds, and
the extracts containing purified PgAFP were pooled from several
batches. The protein concentration was quantified by the Lowry
method (Lowry et al., 1951) and the stock solution was diluted in
the elution buffer to the desired active concentration range
(1.17—75 pg/mL) for the various assays.

2.3. Proteomics

2.3.1. Protein extraction

A. flavus CECT 2687 was cultured in triplicate in 50 mL PDB
supplemented with 0.1 M CaClyp, at 25 °C for 24 h with shaking at
200 rpm, either in the presence (10 pg/mL) or absence of PgAFP, as
previously described (Delgado et al.,, 2015b). Mycelia were har-
vested, filtered, washed and lysed as described by Carberry et al.
(2006). The lysed mycelia were centrifuged (10,000 g; 30 min),
the supernatant was precipitated with trichloroacetic acid/acetone
(Carpentier et al., 2005), and analysed by the following two
methods as previously described by (Delgado et al., 2015b).

2.3.2. 2D-PAGE

Resuspended extracts containing 250 ug of protein were loaded
onto Immobiline Dry strips (IPG strip; Amersham Biosciences,
Uppsala, Sweden) in the pH range 4—7, followed by electrofocusing,
and electrophoresis using the Protean Xi-II Cell (Bio-Rad Labora-
tories) as described by Carberry et al. (2006). Resulting gels (n = 5)
were stained with colloidal Coomassie Blue (Sigma-Aldrich, St.
Louis, MO, USA), scanned, normalized and analysed using Pro-
genesis™ SameSpot software (TotalLab, Newcastle, UK).

Protein spots showing differences (p < 0.05, fold change > 1.5)
were excised, destained, sonicated, dehydrated, and trypsin in-gel
digested according to Shevchenko et al. (2006). Then, the digest
supernatants, containing tryptic peptides, were dried using a DNA
Speed Vac Concentrator (Thermo Fischer Scientific, Austin, TX,
USA), resuspended in 0.1% formic acid (20 pL), and filtered through
0.22 pm cellulose spin-filters (Agilent Technologies, Ireland).

The samples were analysed by a 6340 Model lon Trap LC-Mass
Spectrometer (Agilent Technologies, Ireland) using electrospray
ionisation on a Zorbax 300 SB C-18 Nano-HPLC Chip
(150 mm x 75 pm). The eluted peptides were ionized and analysed
by mass spectrometry. MS™ analysis was carried out on the three
most abundant peptide precursor ions at each time point, as
selected automatically by the mass spectrometer. MASCOT MS/MS
Ion search, NCBI (National Centre for Biotechnology Information)
database, FungiFun (Priebe et al., 2011) and KEGG (Kyoto Encyclo-
pedia of Genes and Genome, www.genome.jp/kegg/) were used for
protein identification and functional characterisation.

2.3.3. Label-free comparative quantitative proteomic analysis

The proteins precipitated from mycelial lysates were resus-
pended in 8 M urea, reduced with dithiothreitol and alkylated with
iodoacetamide (Owens et al., 2014). Samples (n = 3) were digested
with trypsin combined with ProteaseMax surfactant, and desalted
by application to C18 ZipTips® (Millipore, Darmstadt, Germany).
One pg of each peptide mixture was analysed via a Thermo Scien-
tific Q-Exactive mass spectrometer coupled to a Dionex RSLCnano.
LC gradients ran from 4 to 35% B (A: 0.1%(v/v) formic acid, B: 80%(v/
v) acetonitrile, 0.1%(v/v) formic acid) over 2 h, and data was
collected using a Top15 method for MS/MS scans (Dolan et al., 2014;
O'Keeffe et al., 2014; Owens et al., 2015). Comparative proteome
abundance and data analysis was performed using MaxQuant
software (Version 1.3.0.5) (Cox and Mann, 2008), with Andromeda
used for database searching and Perseus (Version 1.4.1.3) used to
organise the data. Carbamidomethylation of cysteines was set as a
fixed modification, while oxidation of methionines and acetylation
of N-terminals were set as variable modifications. The maximum
peptide/protein false discovery rates were set to 1%. The LFQ al-
gorithm was used to generate normalized spectral intensities and
infer relative protein abundance (Luber et al., 2010). Proteins that
matched to a contaminants database or the reverse database were
removed and proteins were only retained in final analysis if
detected in at least two replicates from at least one treatment
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group. Quantitative analysis was performed using a t-test to
compare pairs of samples, and proteins with significant change in
abundance (p value < 0.05; fold change > 2) were included in the
quantitative results. Qualitative analysis was also performed, to
detect proteins that were found in at least 2 replicates of a partic-
ular treatment, but undetectable in the comparison sample group.

2.4. Effect of cations on PgAFP activity

The growth of PgAFP-treated A. flavus was evaluated in mi-
crotiter plate wells (DeltaLab, Rubi, Spain), containing 200 pL of
PDB supplemented with either 0.1 M or 0.01 M CaCl, and 10°
conidia per well incubated at 25 °C without shaking. An additional
plate containing only PDB was used as a control. Seven different
two-fold dilutions of PgAFP, (75, 37.5, 18.75, 9.38, 4.69, 2.34, and to
1.17 pg/mL), and a non-treated control were assayed. Six sample
replicates for each combination of PgAFP treatment and cation
concentration were processed. Optical density was measured at
550 nm every 24 h during 96 h in a microplate reader (TECAN
Infinite M2000, Mannendorf, Switzerland). Additionally, to test
the effect of the monovalent KCl and the divalent MgCl,, two
different plates were evaluated following the same procedure
described herein, and containing 0.01 and 0.1 M of KCl or MgCl,.
These cation concentrations were chosen as they are representa-
tive of the levels found in cheese (Chekri et al., 2012). Given that
0.1 M CaCl, was the concentration that abolished PgAFP antifungal
ability, and this concentration is well within the levels present in
cheese, the following assays were carried out using this concen-
tration. Additionally, all of the following tests were also carried out
with A. flavus grown in PDB with no calcium added as controls. All
the micrographs from the same assay were taken with the same
exposure.

2.5. Metabolic tests

To study the effect of CaCl, on the metabolism of PgAFP-treated
A. flavus, the following tests were carried out according to Delgado
et al. (2015b). A. flavus was cultured in three replicate test tubes
containing 200 pL PDB supplemented with 0.1 M CaCl, in either
presence (75 pg/mL, to maximise the potential effect of this anti-
fungal protein) or absence of PgAFP at 25 °C for 24 h without
shaking. Additionally, to test the effect on membrane permeability
on a whole range of PgAFP and calcium concentrations, seven
PgAFP two-fold dilutions (75, 37.5, 18.75, 9.38, 4.69, 2.34, and
117 pg/mL) as well as 0.1 M and 0.01 M CaCl, were assayed in six
sample replicate wells. To assess membrane permeability, A. flavus
grown in microtiter plates with different CaCl, and PgAFP con-
centrations were supplemented with 0.2 uM SYTOX Green (Mo-
lecular Probes, Eugene, OR, USA). The emitted fluorescence was
measured after 10, 30, and 210 min.

To study the metabolic capability through viability staining,
triplicate samples of mycelia were washed with 10 mM HEPES pH
7.5 before staining with 100 pL FUN-1 (Molecular Probes) for
30 min at 25 °C according to Kaiserer et al. (2003). Stained hyphae
were examined and photographed by fluorescence microscopy.

Membrane integrity was assessed with acridine orange/
ethidium bromide (AO/EB) double staining (Sigma-Aldrich). Trip-
licate samples of A. flavus cultures were stained with 4 pg/mL of AO/
EB, incubated 30 min and washed twice with phosphate-buffered
saline (PBS) to be observed by fluorescence microscopy.

To detect apoptotic events, triplicate samples of grown mycelia
were stained with Apoptosis Detection Kit (Sigma-Aldrich)
composed of Annexin V-fluorescein isothiocyanate/propidium io-
dide (AnV-FITC/PI), according to manufacturer's instructions.

2.6. Chitin staining

Conidia of A. flavus were inoculated in 10 mL PDB in a Petri dish
containing a coverglass (Harris et al., 1994) and incubated at 25 °C
for 24 h in the presence (75 pg/mL) and absence of PgAFP. Mycelia
were washed, fixed and stained with fluorescent brightener 28
(Sigma-Aldrich) to visualize chitin by fluorescence microscopy as
previously described (Delgado et al., 2015b). Additional batches
with no CaCl, added were also run as controls. All batches were
prepared in triplicate.

2.7. Localization of FITC-labelled PgAFP

PgAFP was labelled with fluorescein isothiocyanate (FITC) by
DareBio S.L. (Elche, Spain), as previously described (Delgado et al.,
2015b). A. flavus was grown in triplicate PDB cultures, both with
and without 0.1 M CaCl,, containing 20 pg/mL PgAFP-FITC for
24 h at 25 °C. Hyphae were washed twice with PBS and visualized
by fluorescence microscopy.

2.8. Effect of PgAFP on A. flavus in cheese

One cm thick wedges of commercial Gouda type cheese of
10 cm? were dipped in ethanol and dried in a laminar flow cabinet
(Bio Flow II, Telstar, Tarrasa, Spain). Three sample wedges were
separately placed in pre-sterilized containers after vapour-liquid
equilibrium with a saturated KCl solution, to reach a,, values of
0.84, similar to those found in the rind at the final stage of cheese
ripening (Riiegg and Blanc, 1981). Next, PgAFP was added in 200 pL
PBS to treated samples at two concentrations (18 and 35 pg/cm?)
and left to dry in a flow cabinet. The non-treated batch received the
same volume of PBS but with no PgAFP. Then, a volume of 100 pL of
a suspension of A. flavus spores was spread onto the upper surface
of cheese wedges to reach c.a. 10° conidia/cm?. The containers were
incubated for 96 h and growth of the resulting mycelia was
assessed. This test was performed in triplicate. Water activity (aw)
was determined in cheese wedges by a LabMASTER-aw instrument
(Novasina AG, Lachen, Switzerland) both before inoculation and
after 96 h incubation. This test was run in three independent trials.

2.9. Statistical analysis

Statistical analyses were performed with IBM SPSS v.22 (www-
03.ibm.com/software/products/es/spss-stats-standard). ~ Growth
inhibition and membrane permeability data were tested for
normality (Kolmogorov—Smirnov with Lilliefors correction) and
homoscedasticity (Levene's test). These data were non-normally
distributed, then mean values were compared using non-
parametric Kruskal-Wallis test. To compare treatments in pairs,
Mann—Whitney U test was applied (p < 0.05).

3. Results
3.1. Antifungal activity of PgAFP on cheese

To study the potential application of PgAFP against A. flavus in
the dairy industry, the antifungal activity of 18 and 35 pg/cm?
PgAFP was tested on cheese wedges simulating common ripening
conditions. The a,, value of cheese samples was 0.940 (+0.004 SD)
at the time of inoculation and decreased to 0.910 (+0.003 SD), 0.883
(+0.003 SD), and 0.844 (+0.002 SD) after 4, 8, and 15 days of in-
cubation, respectively. Growth of A. flavus on cheese treated with
any of the two PgAFP concentrations was extensive (Fig. 1), indi-
cating that PgAFP did not affect A. flavus growth on cheese.
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Fig. 1. Exuberant growth of A. flavus in cheese wedges treated with 18 pg/cm? (left) and 35 pg/cm? PgAFP (right).

3.2. Effect of cations on PgAFP antifungal activity

The effect of calcium, magnesium and potassium on the anti-
fungal activity of PgAFP against A. flavus was studied in PDB cul-
tures (Fig. 2). The maximum O.D. reached at 96 h in control
cultures, without PgAFP, was affected by KCI and CaCl,, with lower
levels of growth observed with KCI (p < 0.05) and higher with CaCl,
(p < 0.05). Control cultures, with no cations added, confirmed that
18.75 ng/mL PgAFP reduced A. flavus growth over 50% at 96 h. With
either 0.01 M (data not shown) or 0.1 M KCl, PgAFP antifungal ac-
tivity was essentially unaffected (Fig. 2). Similarly, 0.01 M MgCl, did
not have a substantial impact on PgAFP antifungal activity, whereas
0.1 M MgCl, lowered PgAFP effect, so that 50% growth inhibition

was not reached at 96 h incubation even at the highest PgAFP
concentration tested (p > 0.05). The strongest effect was obtained
with CaCly; with 0.01 M CaCly, 37.5 pg/mL PgAFP was required to
reach 50% A. flavus growth inhibition at 96 h, but with 0.1 M CaCl,
no growth inhibition was obtained even with 75 pg/mL PgAFP
(p > 0.05).

3.3. PgAFP localization and membrane permeability

Given that 0.1 M Ca(l; abolished PgAFP antifungal activity, and
this concentration is well within the range of calcium levels in
ripened cheese (Chekri et al., 2012), only CaCl, was tested for the
remaining assays. To determine whether calcium influences PgAFP
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localization, A. flavus grown in PDB supplemented with 0.1 M CaCl,
was treated with FITC-labelled PgAFP. The FITC-labelled PgAFP was
visualized bound to the outer layer of A. flavus hyphae, but unlike
the CaCl,-free control, it was unable to penetrate into the cyto-
plasm (Fig. 3). The antifungal activity of FITC-labelled PgAFP was
evaluated against A. flavus in CaCly-free PDB, showing similar levels
to those of non FITC-labelled PgAFP (data not shown).

To assess the influence of CaCl; on A. flavus permeabilization by
PgAFP, the SYTOX Green uptake test was used. With no calcium
added, fluorescence values increased as PgAFP concentration
increased from 0 to 4.69 pg/mL (p < 0.05) and then progressively
decreased from 9.38 to 75 pug/mL (Fig. 4), as shown previously
(Delgado et al., 2015b). With 0.01 M CaCly, a slightly higher PgAFP
concentration (18.75 pg/mL) was required to reach the highest
fluorescence values, as opposed to 4.69—9.38 ug/mL PgAFP in the
control batch without CaCl,. In addition, the decrease of fluores-
cence obtained at the highest PgAFP concentrations (37.5—75 pg/
mL) with 0.01 M CaCl, was even more pronounced than that ob-
tained with 0 or 0.1 M CaCl,. On the other hand, high fluorescence
values were obtained when A. flavus was cultured in 0.1 M CaCl,
PDB, even when no PgAFP was present. Therefore, A. flavus
permeability was strongly increased by either PgAFP or 0.1 M CaCl,.
However, PgAFP at any concentration barely increased A. flavus
permeability in 0.1 M CaCl, PDB (Fig. 4).

3.4. Effect of PgAFP in presence of calcium on protein abundance

No differences (p > 0.05) in A. flavus mycelia weight were noted
between PgAFP-treated and untreated samples grown in PDB
supplemented with 0.1 M CaCl,. 2D-PAGE comparative proteomic
analysis revealed 19 unique proteins from 24 spots, whose relative
abundance was altered in treated samples (Supplementary
Material Table S1). In the PgAFP-treated batch, the relative abun-
dance was from 1.5 to 1.6 fold higher for 7 proteins including G-
protein complex 3 subunit CpcB, whilst 12 proteins, identified from
17 spots were found between 1.6 and 2.5 fold lower. Among pro-
teins found in reduced quantities, three isoforms of elongation
factor 3, and two isoforms each of aminopeptidase, glycogen
branching enzyme GbeA, and aldehyde dehydrogenase AldA were
identified. The two spots found from AldA were observed with
different molecular masses and isoelectric points, possibly due to
breakdown and side-chain deamination.

The label-free quantitative analysis in PDB supplemented with
0.1 M CaCl; revealed a total of 1651 proteins, 195 of them showed
significantly altered abundance due to PgAFP-treatment
(Supplementary Material Table S2). A total of 125 proteins were
detected at elevated levels in PgAFP-treated A. flavus. Among them,
90 proteins were found in a higher abundance, from 2 to 53 fold
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Fig. 4. Effect of 0.01 M and 0.1 M CaCl, on membrane permeability of A. flavus treated
with PgAFP (0—75 pg/mL) at 210 min after SYTOX Green addition. Vertical bars
represent standard deviation of the mean.

(quantitative results), and 35 proteins were exclusively detected in
the treated batch (qualitative results). In addition, 70 proteins were
detected at lower abundance in PgAFP-treated samples, 32 of
which were found in lower abundance, from 2.1 to 703 fold, and the
38 remaining were not detected in the treated batch.

According to KEGG, 13 out of the 70 proteins found in lower
amount following PgAFP treatment were involved in metabolic
pathways and biosynthesis of secondary metabolites. In contrast,
among the proteins whose abundance was higher in PgAFP-treated
A. flavus, 23 of them were related with ribosome and 11 with
spliceosome. From the proteins of the oxidative stress-related
glutathione metabolism, glutathione S-transferase and y-gluta-
myltranspeptidase (y-GT) showed higher relative abundance in
PgAFP-treated samples (Supplementary Material Table S2). In
addition, G-protein complex  subunit CpcB, recently described as
related to the mechanism of action of antifungal proteins (Delgado
et al., 2015b), was also increased in PgAFP treated samples
(Supplementary Material Table S1). All 19 proteins showing relative
abundance altered in 2D-PAGE were found in the label-free pro-
teomic assay, but showing different fold change in both methods.

3.5. Effect on metabolic capability and chitin deposition

The metabolic capability of A. flavus grown with 0.1 M of CaCl,
was not influenced by PgAFP, as shown by FUN-1 staining. Intra-
vacuolar red spots were present in both PgAFP-treated and non-
treated batches, revealing a normal metabolic capability (Fig. 5).

Fig. 3. FITC-labelled PgAFP localization in A. flavus grown in presence of 0.1 M CaCl, (left). PgAFP was only visualized bound to the outer layer of A. flavus hyphae, but not in the
cytoplasm. FITC-labelled PgAFP localization in A. flavus without CaCl, (right). PgAFP was visualized both in the cytoplasm (I) and bound to the outer layer (O) of A. flavus hyphae.
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PgAFP + CaCl:

Fig. 5. Metabolic capability of A. flavus grown with 0.1 M CaCl, (A and B) or without calcium (C and D) revealed by FUN-1 staining. Non-treated controls (A and C) and hyphae
treated with 75 pg/mL PgAFP (B and D). Red vacuoles indicate metabolic activity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

In the absence of added calcium, non-treated control also displayed
intra-vacuolar red spots, whereas A. flavus grown with 75 pg/mL
PgAFP scarcely showed red spots.

Chitin deposition has been described as a successful response
against PgAFP in resistant P. polonicum (Delgado et al., 2016).
Staining with fluorescent brightener 28 showed that 0.1 M CaCl,

Control

made no obvious difference to chitin deposition in non PgAFP-
treated A. flavus, as compared to the altered chitin deposition in
PgAFP-treated samples (Fig. 6). However, 0.1 M CaCl, allowed
maintenance of similar chitin levels to those observed in the non
PgAFP-treated control. As expected, PgAFP-treated controls with no
calcium added displayed alterations (Figs. 5 and 6), but non-treated

PgAFP + CaCl:

Fig. 6. Effect of calcium on chitin deposition PgAFP-treated A. flavus grown in potato dextrose broth and stained with fluorescent brightener 28. A: non-PgAFP treated supplemented
with 0.1 M CaCly; B: PgAFP treated (75 pug/mL) supplemented with 0.1 M CaCl,; C: non-PgAFP treated with no CaCl, added; D: PgAFP treated (75 pug/mL) with no CaCl, added, bright

field (left) and fluorescence observation (right).
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A. flavus remaining unaltered.

3.6. Effect on oxidative status and viability

Hyphal viability and apoptotic or necrotic processes of A. flavus
grown in 0.1 M CaCl, PDB were studied with AO/EB double staining
and AnV-FITC/PI staining, respectively. The AO/EB double staining
showed a predominant green colour both in PgAFP-treated and
untreated samples due to AO but not EB staining (Fig. 7). This im-
plies that 0.1 M CaCl, maintains the viability of PgAFP-treated
A. flavus. Moreover, both treated and non-treated batches were
not stained by AnV-FITC/PI (Fig. 8), implying that PgAFP did not
induce apoptosis or necrosis in cultures containing 0.1 M CaCl,.
Relevantly, PgAFP-treated controls with no calcium added dis-
played alterations (Figs. 7 and 8), whilst non-treated A. flavus
remained unaltered.

4. Discussion

The capacity of just 5 pg/cm? PgAFP to reduce A. flavus counts
was demonstrated on dry-fermented sausage (Delgado et al,
2015a). Such effect would also be useful in ripened cheese, but
the high calcium levels could interfere with PgAFP activity. The
treatment with PgAFP was not effective in reducing A. flavus growth
on cheese (Fig. 1). Both dry-fermented sausage and cheese assays
were performed under identical environmental conditions of 25 °C,
with constant relative humidity maintained by means of a satu-
rated KClI solution (Delgado et al., 2015a). Environmental factors
such as pH or NaCl concentration may affect PgAFP antifungal ac-
tivity. However this activity appears not to be affected by mono-
valent cations, and withstands a broad range of pH values (Delgado
et al., 2015a). Given that the PgAFP concentrations tested on cheese
were up to 7-fold higher than that effective on the sausage, the lack
of PgAFP activity has to be related to cheese composition. Other

100 pm

researchers have proven that concentrations of mono- and divalent
cations over 20—100 mM suppress the inhibitory activity of other
antifungal proteins in culture media (Galgoczy et al., 2013; Kaiserer
et al., 2003; Theis et al., 2003; Thevissen et al., 1999, 1996). Average
calcium, magnesium, and potassium concentrations in cheese are
c.a. 0.14, 0.013, and 0.03 M, respectively (Chekri et al., 2012). Given
that these concentrations are higher than those suppressing the
activity of other antifungal proteins, the effect of each of these
minerals on PgAFP activity against A. flavus was investigated.

The antifungal capability of all concentrations of PgAFP tested
against A. flavus in PDB was strongly reduced with 0.1 M CaCl, or
MgCl, (Fig. 2), whereas only the antifungal effect of low PgAFP
concentrations was prevented with 0.01 M concentrations of these
divalent cations. For the monovalent potassium salt, 0.01 and 0.1 M
only slightly reduced PgAFP antifungal activity. These results infer
that the lack of activity of PgAFP on A. flavus observed in cheese
could be explained solely by the calcium content.

Similar results have been reported for AFP, PAF, NFAP, and plant
defensins, where the antifungal activity was significantly counter-
acted by the presence of high concentrations of monovalent cations
or MgCl, (Galgoczy et al.,, 2013; Kaiserer et al., 2003; Theis et al.,
2003; Thevissen et al., 1999). This loss of antifungal activity has
been explained by a saturation of the cellular target of antifungal
proteins with cations, making the target site no longer accessible
for the antifungal protein (Theis et al., 2003). Small, basic, and
cysteine-rich antifungal proteins from moulds have a positive net
charge, and cations could interfere by competing for putative
binding sites at the fungal cell surface (Martin-Urdiroz et al., 2009;
Marx, 2004).

FITC-labelled PgAFP was located both bound to outer layer and
intracellularly in A. flavus grown in PDB with no CaCl, added
(Delgado et al., 2015b). However, when A. flavus was grown in 0.1 M
CaCl, PDB, FITC-labelled PgAFP was only found at the outer layer
and not internalized (Fig. 3), implying that membrane integrity was

100 ym

Fig. 7. Effect of PgAFP on hyphae viability revealed by acridine orange/ethidium bromide (AO/EB) double staining of A. flavus grown in potato dextrose broth supplemented with
0.1 M CaCl; (A and B) and without added CaCl, (C and D). Merged pictures of green (AO) and red colour (EB) from samples non-treated (A and C) and treated with 75 pg/mL PgAFP
(B) showing scarce orange colour due to the lack of EB penetration, meaning they remained viable. A. flavus treated with 75 pug/mL PgAFP grown with no added calcium (D) showed
intense orange colour due to compromised membrane. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Control

PgAFP + CaCl:

Fig. 8. Induction of apoptosis or necrosis by PgAFP on A. flavus grown in potato dextrose broth supplemented with 0.1 M CaCl; (A and B) and with no calcium added (C and D),
evaluated with Annexin V-fluorescein isothiocyanate/propidium iodide (AnV-FITC/PI). Merged pictures of green (AnV-FITC) and red colour (PI) from non-treated hyphae (A and C)
or treated with 75 pg/mL PgAFP (B) showing no green or red intense fluorescence due to no apoptotic or necrotic events. A. flavus grown in PDB with no calcium added and treated
with 75 pg/mL PgAFP (D) displayed intense red colour due to AnV-FITC and PI penetration as a consequence of necrotic events. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

not compromised. When grown in 0.1 M CaCl, PDB, A. flavus
permeability to SYTOX Green increased to the maximum level
provoked by PgAFP with no calcium added (Fig. 4), similarly to the
pattern obtained in Aspergillus niger with 1 M CaCl, (Gomaa et al.,
2013). When A. flavus was grown with both PgAFP and 0.1 M
CaCly, no further increase in permeability was observed. Thus, all
the above results support that calcium ions did not prevent PgAFP
from binding to the outer layer. Moreover, no other detrimental
effect was observed in A. flavus at any PgAFP concentration through
metabolic capability or viability, as evaluated by FUN-1, AO/EB, and
AnV-FITC/PI staining. Therefore, calcium may have rendered the
putative membrane targets non-accessible to PgAFP. Nonetheless,
comparative proteomics disclosed remarkable changes in fungal
metabolism triggered by PgAFP when grown in 0.1 M CaCl; PDB.
A total of 19 and 195 proteins showed altered relative abun-
dances by CaCl, according to 2D-PAGE and label-free proteomics,
respectively. The difference between the number of proteins ob-
tained by these two methods have been explained as a conse-
quence of 2D-PAGE being able to separate isoforms and post-
translational modifications but only within a limited pH range,
whereby the whole proteome is not represented (Gorg et al., 2009,
2004). In contrast, label-free proteomics is not able to separate
isoforms and compares the total quantity of the protein, but has a
higher coverage with regard to pH and molecular mass range.
Hence, the differences observed in relation to the fold change for
any given protein seem to be related to the involvement of isoforms
or post-translational modifications, as well as the different
threshold used by both methods (Delgado et al., 2015b, 2016).
The comparative proteomic assays for A. flavus in the presence
of CaCl, revealed a large number of proteins affected by PgAFP
exposure. According to KEGG, proteins related to ribosome and
spliceosome accounted for 27% of the proteins with altered relative
amount. The relative quantities for most proteins of these two

groups were higher in PgAFP-treated samples. Similar results were
obtained for ribosomal and spliceosomal proteins when PgAFP was
applied to cultures grown in absence of CaCl, of both A. flavus
(Delgado et al., 2015b) and the PgAFP-resistant P. polonicum
(Delgado et al., 2016). Given that the increase of these two groups of
proteins is a common response to PgAFP in both sensitive and
resistant moulds, it does not seem to be crucial to discriminate
when inhibition is overcome.

The mechanism of action of antifungal proteins has been
described through different inter-related metabolic pathways,
including oxidative stress, cell wall integrity (CWI) pathway, and
chitin synthesis (Delgado et al., 2015b; Hagen et al., 2007; Marx
et al., 2008). Some proteins involved in these pathways showed
higher relative abundance in response to PgAFP in A. flavus grown
in 0.1 M CaCl;, PDB, including G-protein complex § subunit CpcB,
and proteins of the oxidative stress-related glutathione pathway,
namely glutathione S-transferase and y-GT. These proteome
changes would rule out the blockage of PgAFP receptors as the only
protective mechanism of Ca?* in A. flavus, suggesting a survival
reaction of A. flavus to the antifungal protein as discussed below.

No significant differences were found in the protein Rho GTPase
Rho1 between PgAFP-treated and untreated A. flavus grown with
0.1 M CaCl; (Supplementary Material Table S2). Lower Rho1 levels
have been identified among the main factors involved in the inhi-
bition of A. flavus by PgAFP in PDB with no CaCl, added (Delgado
et al., 2015b), whereas higher levels of Rhol play a key role in
increasing chitin deposition in PgAFP-treated P. polonicum, likely
activating Pkc/Mpk pathway (Delgado et al., 2016). The unaltered
chitin deposition in PgAFP-treated A. flavus grown with CaCl,
(Fig. 6) can be related by the substantially unaffected quantity of
Rho1 and any other protein related to the CWI pathway.

Extracellular calcium can act as a stress signal in moulds that
increases the intracellular Ca®* concentration and lead to the
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activation of calmodulin, which in turn can activate calcineurin
(Thewes, 2014). Calcineurin is a heterodimer comprised of subunits
A and B. Calcineurin Ca®*-binding regulatory subunit CnaB is
essential for activation of the calcineurin A (calmodulin-binding
catalytic subunit CnaA) that is important in stress adaptation
(Juvvadi et al., 2003). Calcineurin regulates the transcription factor
CRZ1A, that induces transcription of chitin synthases chsA and chsC
in filamentous fungi, but can also control chitin synthases them-
selves (Fortwendel et al.,, 2010) or interact genetically with the
endogenous calcineurin regulators, calcipressins (Soriani et al.,
2008). Activation of calmodulin-calcineurin signalling by high
cytosolic Ca®* concentration leads to A. fumigatus growth in pres-
ence of antifungal drugs (Juvvadi et al., 2015). The 0.1 M CaCl; level
specifically led to the higher relative abundance of CnaB in both
PgAFP-treated and untreated A. flavus (Supplementary Material
Table S1) (Delgado et al., 2015b). Thus, the protective effect of
high calcium levels in A. flavus can be mediated by increased CnaB.

G protein CpcB may also play a central role in vegetative growth
and development, as its deficiency severely impaired cellular
growth in Aspergilli (Kong et al., 2013). The lower quantity of CpcB
has been related to apoptosis signalling in PgAFP-treated A. flavus
(Delgado et al., 2015b). In the present work, the higher relative
abundance of CpcB subunit was not accompanied by apoptotic or
necrotic signals in PgAFP-treated A. flavus grown in 0.1 M CaCl,.
Therefore, CpcB can be considered a key factor in promoting or
arresting apoptotic events by PgAFP, leading to sensitivity or
resistance, respectively. The protective mechanism mediated by
CpcB in A. flavus grown with calcium seems to be based on the
modulation of glutathione that would impact on reactive oxygen
species (ROS) levels.

The proteins related to glutathione metabolism have been
shown to be important in the maintenance of the redox status upon
oxidative stress in fungi (Kang et al., 2005; Park et al., 2005, 2004;
Springael and Penninckx, 2003). Thus, the higher relative abun-
dance of these proteins could be related to the successful response
of A. flavus to PgAFP in the calcium-enriched culture medium. No
direct link between increased calcium levels and induction of
proteins involved in glutathione metabolism can be established at
present. However, it is plausible that a primary adaptive response
mediated by CnaB or CpcB allow the time for A. flavus to develop an
effective response to oxidative stress, leading to increased levels of
proteins involved in the glutathione pathway. To overcome the
protective role of divalent cations against antifungal proteins,
PgAFP treatment could be combined with other preservatives
showing complementary mechanisms of action. Future studies
with extended incubation time will also help to assess the effect of
PgAFP on mould growth and mycotoxin production in ripened
cheese.

5. Conclusion

This work does not support that occlusion of specific receptors is
responsible for the observed protective role of divalent cations in
preventing the antifungal effect of PgAFP on A. flavus. Conversely,
the data indicate that A. flavus resistance to PgAFP in 0.1 M CaCl, is
primarily mediated by an increased CnaB, CpcB and y-GT, which
would enhance the response to oxidative stress and impede
apoptosis. Understanding the mechanism of resistance against
PgAFP can be useful to design strategies aiming to prevent growth
of mycotoxigenic moulds in foods with high levels of divalent
cations.
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