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reported in Figure 5, a tissue and solvent (CHL and MET) dependent efficacy of the various extracts on
lowering the number of conidia accumulated by treated mycelia was observed.

The overall pattern of tissue/solvent efficacy on conidia production was quite different with that
observed for mycelium growth (Table 2) or hyphae elongation, and for AF accumulation (Figure 2).
Interestingly, the scanning emission microscopy analysis (SEM) conducted to evaluate the conidiophore
organization showed that no significant alteration of either the morphology or the general aspect of
these reproductive structures occurred (an example is reported in Figure 5B), providing evidence that
the relevant treatment affected the number of conidia or conidiophores.

Figure 5. Effect of 500 pg/mL root, stem, leaf (R, S, L) MET and CHL extracts on conidia production (A)
and conidiophores morphology (B) (left: Control; right: R-CHL treated cultures) in A. flavus 96-wells
CCM cultures. Values are reported as inhibition percentages in respect to control; Error bars refer to
mean values of four replicates + S.D. Different letters over the bars indicate the differences that were
statistically significant (p < 0.05).

3. Conclusions

Plants with significant pharmacological properties have often been found to be rich in polyphenols
and other secondary metabolites that have been proven to possess high antioxidant potentials due
to their activity as reducing agents, metal chelators, and free radical quenchers. In this sense, every
bioactive able to interfere with the oxidative status of fungal cells, on which the mycotoxin metabolism
relies, should be validated as a biocontrol agent in organic strategies aimed at reducing aflatoxin
contamination in food and feed commodities. On the other hand, a search for new antifungal and
antimycotoxigenic substances is of increasing interest, with the perspective of improving antifungal
resistance and understanding the underlying mechanisms of these new drugs with a wide range of
applications—from medical mycology to agricultural and food safety.
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4. Materials and Methods

4.1. Plant Materials

Citrullus colocynthis L. Schrader plants were collected near Medenine (Tunisia), in the municipality
of Sidi Makhlouf. The identification was performed according to the flora of Tunisia [58] and a voucher
specimen (C.C-01.01) deposited in the biological laboratory of the Faculty of Pharmacy of Monastir.

4.2. Extraction Protocol

Fresh tissues (roots, stems, and leaves) were dried and powdered using a tissue blender. Different
solvents, in ascending polarity (petroleum ether, chloroform, ethyl acetate, and methanol) were used
for Soxhlet extraction to fractionate the soluble compounds from the plant material. The extraction
was performed with dried powder (100 g) placed inside a thimble made by thick filter paper, loaded
into the main chamber of the Soxhlet extractor, which consisted of an extracting tube, a glass balloon,
and a condenser. The total extracting time was 6 h for each solvent, continuously refluxing over the
sample at a temperature not exceeding the boiling point. The resulting extracts were evaporated at
reduced pressure to obtain the crude extracts. The organic solvents used were 99% pure. Extracts were
all ethanol resuspended for further analysis. All the chemicals were obtained from Sigma (St. Louis,
MO, USA).

4.3. Determination of the Total Phenolic Contents

Phenolic compound concentration in the different extracts was determined by using the
Folin—-Ciocalteu’s phenol reagent, according to Singleton and Rossi [59], with some modifications.
Briefly, 100 pL of the extract solution was mixed with 100 uL of Folin-Ciocalteu’s phenol reagent.
After 3 min, 100 puL of saturated sodium carbonate solution was added to the mixture and adjusted to 1
mL with distilled water. The reaction was kept in the dark for 90 min, after which the absorbance was
recorded at 720 nm. Gallic acid was used to design the standard curve. The contents of total phenolic
are expressed as mg of gallic acid equivalents (GAE)/g of extract. Data were reported as means of three
replicates + S.D.

4.4. Determination of DPPH Radical Scavenging Activity

The ability to scavenge the DPPH-free radical was monitored according to a method first introduced
by Blois (1958) and developed by Brand-Williams et al. [60]. Various concentrations of sample extracts
(0.5 mL) were mixed with 0.5 mL of methanolic solution containing DPPH radicals (6 X 1075 M).
The mixture was shaken vigorously and left to stand in the dark until stable absorption values were
obtained. The reduction of the DPPH radical was measured by continuously monitoring the decrease
of absorption at 517 nm. The DPPH scavenging effect was calculated as a percentage of DPPH
discoloration using the following equation: % scavenging effect = [(ADPPH x AS)/ADPPH] x 100,
where AS is the absorbance of the solution when the sample extract has been added at a particular
level, and ADPPH is the absorbance of the DPPH solution. Three experiments were performed in
triplicate. The antiradical activity was expressed in terms of the amount of antioxidant necessary to
decrease the initial DPPH absorbance by 50% (IC50). The IC50 value for each extract was determined
graphically by plotting the percentage of DPPH scavenging as a function of extract concentration.

4.5. UPLC-DAD-ESI-MS/MS Analysis

For the chemical characterization, 60 mg of each extract were re-dissolved in methanol-distilled
water (1:1 v/v) and filtered with a PTFE membrane. 5 uL were injected in a LC-DAD-MS/MS system,
consisting of a Shimadzu Nexera UPLC system (Kyoto, Japan) coupled with a diode array detector
(DAD), and a Shimadzu LCMS-8030 quadrupole mass spectrometer (Kyoto, Japan) equipped with a
electrospray ionization source (ESI). Analytical separation was performed on a reversed-phase Waters
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Nova-Pak C18 column (4.9 X 250 mm, 4 um) (Water Milford, MA, USA), operating at 30 °C. The mobile
phase consisted of 1% aqueous formic acid (solvent A) and 1% formic acid in acetonitrile (solvent B).
The elution gradient consisted of 3% B isocratic for 5 min, from 5 to 100% B linear for 30 min, 100% B
isocratic for 7 min. The flow rate was 0.5 mL/min. The mass spectrometer operated in Negative Ion
Scan and in Product Ion Scan mode, acquiring over a mass-range from m/z 50 to 1100 and using Argon
as Collision Induced Dissociation (CID) gas at a pressure of 230 kPa. The interface voltage was set to
—3.5 kV; desolvation line (DL) temperature was 250 °C and the heat block temperature was 400 °C.

Identification of the major secondary metabolites in the different extracts was carried out using
their retention times, and both UV-VIS, MS and MS/MS spectra. Quantification of single compounds
was performed by UPLC-DAD in triplicates through an external standard method, using stock
solutions of the following compounds: Esculetin, p-coumaric acid, orientin, catechin, vitexin, (all
from Sigma-Aldrich, Milan, Italy) and cucurbitacin I, cucurbitacin E, and apigenin-7-O-glucoside from
Extrasynthese (Lyon, France). All solvents used for the analyses were purchased from Sigma-Aldrich
(Milan, Italy).

4.6. Fungal Strains, Media and Culture Condition

Aspergillus flavus toxigenic strain Fri2 and atoxigenic strain TO¢ used were previously isolated
from corn fields of the Po Valley [61]. Conidia suspensions were obtained from 10-day YES-agar [2%
(w/v) yeast extract (Difco, Detroit, MI, USA), 5% (w/v) sucrose (Sigma, St Louis, MO, USA), 2% (w/v)
agar (Difco)] cultures incubated at 28 °C; conidia concentration (quantified by ODgq) and viability
(>90%) were determined according to Degola et al. [42]. Coconut milk-derived medium (CCM) used for
microplate assays was obtained as described in Degola et al. [27]: Briefly, 400 mL of commercial coconut
cream was diluted to the final volume of 1.2 L with bidistilled water, sterilized by autoclaving (10 min,
120 °C), cooled at 4 °C overnight, and clarified by centrifugation (15 min at 3200x g). The residual
floating material and the pellet were discarded, and the intermediate phase was then recovered and
used as culture medium in the aflatoxin inhibition assays.

4.7. Aflatoxin Production Assay

The extracts’ effects on aflatoxin biosynthesis were assessed by the microplate fluorescence-based
procedure described in Degola et al. [27]. Standard flat-bottom 96-well microplates (Sarstedt, Newton,
NC, USA) were used. Suspensions of conidia were diluted to the appropriate concentrations and
brought to the final concentration of 5 X 102 conidia/well; cultures were set in a final volume of
200 pL/well of CCM medium. C. colocynthis organic extracts were ethanol resuspended and added to
the culture medium. The plates were incubated in the dark under stationary conditions for up to 6 days
at 25 °C; visual inspection of mycelium development and conidiation served as an indicator of the
culture growth. Total aflatoxin accumulation was monitored by fluorescence emission determination;
readings were performed directly from the wells bottom of the culture plate with a microplate reader
(TECAN SpectraFluor Plus, Mdnnedorf, Switzerland) using the following parameters: Aex = 360 nm;
Aem = 465 nm; manual gain = 83; lag time = 0 pus; number of flashes = 3; integration time = 200 ps).
Inocula were performed in quadruplicate.

4.8. Aspergillus Flavus Growth

A. flavus radial growth was performed in YES-agar added with C. colocynthis extracts at 500 pg/mL
final concentration: Three equidistant single spots (5 uL of a 107 conidia/mL suspension each) of
aflatoxigenic strain Fri2 were inoculated in Petri dishes (9 cm ), plates were incubated for 4 days
at 25 °C, and the mycelium growth was evaluated daily by measuring colonies reverse along two
orthogonal diameters. YES-agar plates supplemented with 0.5% EtOH (v/v) were used as control. Early
mycelium development was assessed, recording changes in optical density of liquid cultures over time:
In a 96 wells microtiter plate (Sarstedt, Newton, NC, USA), 1 x 10% conidia were inoculated in a final
volume of 200 uL of YES 5% liquid medium, added with 500 ug/mL organic extracts, and incubated at
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28 °C. The optical density at 620 nm (ODgpg) was recorded for each well, using a microplate reader
(RosysAnthos ht3; AnthosLabtec Instruments GmbH, Salzburg) without shaking. Experiments were
performed in quadruplicate.

4.9. Conidiation Rate Assessment and Reproductive Structures Analysis

Conidia production was estimated for CHL and MET leaf, stem, and root extract treated cultures
(500 pg/mL). From the eight replicates of each condition, four mycelia were collected from the CCM
microplates used in the AF accumulation assay, and individually washed three times in a 0.1% (v/v)
Tween20® aqueous solution by vortexing 1 min. The spore suspensions were then washed three
times with a 80% (v/v) ethanol solution and conidia concentration was then determined with a Burker
chamber. The remaining four CHL and MET leaf, stem, and root extract treated cultures from AF
accumulation plates were observed using a Scanning Electron Microscope (SEM) JEOL IT 300, in high
vacuum mode. Samples were fixed for 4 h in 3% (v/v) glutaraldehyde, acetone dehydrated (from 30%
to 100% water/acetone solutions), critical point dried, and coated with a thin layer of gold by means of
a Sputter Coater “Agar”. Observations were conducted at an acceleration voltage of 10.0 kV and at a
450x magnification.

4.10. Statistical Analysis

The data were analyzed using the statistical and graphical function of PASW Statistics (SPSS
Inc., Chicago, IL, USA). Differences were assessed using analysis of variance (ANOVA), followed by
Dunnet-t post hoc test.
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Abstract: Fusarium sporotrichioides and F. langsethiae are present in barley crops. Their toxic metabolites,
mainly T-2 toxin, affect the quality and safety of raw material and final products such as beer. Therefore,
it is crucial to reduce Fusarium spp. proliferation and T-2 toxin contamination during the brewing
process. The addition of Geotrichum candidum has been previously demonstrated to reduce the
proliferation of Fusarium spp. and the production of toxic metabolites, but the mechanism of action is
still not known. Thus, this study focuses on the elucidation of the interaction mechanism between
G. candidum and Fusarium spp. in order to improve this bioprocess. First, over a period of 168 h,
the co-culture kinetics showed an almost 90% reduction in T-2 toxin concentration, starting at 24 h.
Second, sequential cultures lead to a reduction in Fusarium growth and T-2 toxin concentration.
Simultaneously, it was demonstrated that G. candidum produces phenyllactic acid (PLA) at the early
stages of growth, which could potentially be responsible for the reduction in Fusarium growth and
T-2 toxin concentration. To prove the PLA effect, F. sporotrichioides and F. langsethiae were cultivated
in PLA supplemented medium. The expected results were achieved with 0.3 g/L of PLA. These
promising results contribute to a better understanding of the bioprocess, allowing its optimization at
an up-scaled industrial level.

Keywords: phenyllactic acid; biocontrol agent; T-2 toxin; F. langsethiae; F. sporotrichioides; G. candidum;
mycotoxin.

Key Contribution: Phenyllactic acid production by G. candidum reduces T-2 toxin concentration by
reducing F. langsethiae and F. sporotrichioides growth.

1. Introduction

Beer is the most consumed alcoholic beverage worldwide and the third most popular drink
overall after water and tea. In 2018, beer production in the European Union was estimated to be nearly
406,050 108 L and its consumption was calculated to be around 370,092 108 L [1]. Barley is the main
ingredient in the brewing process and its quality directly influences the characteristics of the final
product. However, barley crops can be contaminated by several fungal species belonging to Aspergillus,
Penicillium and Fusarium genera [2]. The latter is the most prevalent genus all over the world and the
main genus in Europe [3]. Fusarium species are responsible for the production of toxic metabolites
called mycotoxins, which are of increasing concern at both health and economic levels [4]. Indeed,
recent surveys carried out in Europe have demonstrated that barley crops are frequently contaminated
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by Fusarium species and their associated mycotoxins [5-8]. The use of such contaminated raw materials
in the brewing process impacts the quality of the produced beer [9]. Fusarium species can produce
several kinds of toxins belonging to the trichothecenes family, of which types A and B are commonly
found in food and feed. The most important of them are deoxynivalenol (DON), nivalenol (NIV), T-2
and their derivatives: the 15-acetyldeoxynivalenol (15-ADON), 3-acetyldeoxynivalenol (3-ADON) and
HT-2 toxin [10].

The T-2 toxin belonging to the type A family was first isolated in F. tricinctum cultures, now
called F. sporotrichioides and then detected in several cereal grains such as wheat, oats, barley and their
derivatives. T-2 toxin is mainly produced by F. sporotrichioides and F. langsethiae [11,12].

T-2 toxin is known to be the most cytotoxic of the type A trichothecenes and has adverse effects on
cellular metabolism [13]. Itis 1.5-1.7 times more toxic than its deacetylate form HT-2 toxin. Even though
its carcinogenicity was proven in certain affected animals, no evidence of such effect was detected in
humans. Therefore, the IARC classified the T2-toxin in group 3 as not classifiable with regard to its
carcinogenicity for humans [14], thus leading the European Union (EU) to propose recommendations
on the presence of T-2 toxin in cereals and cereal products. Thus, the maximum limits in unprocessed
cereals are 100 ug/kg for wheat, rye and other cereals, 200 ug/kg for barley (including malting barley)
and corn and 1000 pg/kg for oats. [15].

In order to limit mycotoxin contamination, several pre-harvest and/or post-harvest methods can
be adopted [16-18]. These techniques either directly target fungal development or limit mycotoxin
levels. Pre-harvest methods include good agricultural practices (GAPs) and good manufacturing
practices. Crop rotation, tillage and fungicide treatment are mainly implemented to control fungal
infection [19,20]. Fungicides are commonly used during agricultural practices but have numerous
disadvantages such as detrimental effects on human and animal health, environmental contamination
and subsequently, they have a strong impact on microbial biodiversity [21,22]. Indeed, fungicides
of the azole family are used in small grain cereals to control Fusarium spp. They target the CYP51
(sterol 14x-demethylase) an important enzyme involved in ergosterol biosynthesis, which is essential
to maintain fungal membrane fluidity and permeability [23]. By reducing fungal growth, they disturb
the natural microbial ecosystem, causing the potential emergence of new microorganisms that may
be even more dangerous [24]. Moreover, fungal resistance to these compounds has developed in
recent years, thus reducing their effectiveness [25]. In an attempt to limit the proliferation of these
toxinogenic and phytopathogens fungal species, biocontrol approaches are starting to be published.
Recently, Rahman et al. (2018) proposed the concept of the “plant holobiont”. They demonstrated
that barley is consistently associated with beneficial bacteria inside their seeds and that this type of
association should be encouraged to help the plant react to fungal attack. This could open up new
possibilities for applying seeds formulated with endophytic bacteria as bioinoculants for sustainable
agriculture [26]. Post-harvest methods include physical treatments such as high temperature treatment
exposure and chemical agents. However, these procedures can lead to the deterioration of nutritional
quality and alteration of the organoleptic properties of the food matrix [27-29]. Therefore, it is
important to conceive a bioprocess to minimize these side effects. This implies the use of natural and
environmentally friendly ways to maintain the safety and the quality of the final product. The brewing
process comprises several stages and among them, the malting step provides the best conditions (22 °C
and high humidity) for Fusarium development and T-2 toxin production [30,31]. To reduce mycotoxin
concentration during the malting process, several studies have reported the use of lactic acid bacteria
(LAB), which are characterized by their antifungal and anti-mycotoxigenic properties [32,33]. However,
LAB are fermenting bacteria and can spoil beer, leading to acidification, turbidity, off-flavors and
ropiness, depending on the bacterial strain [34,35].

The French Institute for Brewing and Malting (IFBM) filed a patent in September 1999 entitled
“The inoculation by Geotrichum candidum during malting of cereals or other plants” [36]. The invention
consists of using G. candidum strain, a filamentous yeast, to inhibit the development of undesirable
microorganisms such as Fusarium spp. during the malting process to avoid the contamination of beer
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products by T-2 toxin. Antibacterial activity was previously attributed to this microorganism as it
can inhibit the growth of several bacteria such as Listeria monocytogenes [37]. G. candidum was also
found to inhibit other Gram-positive bacteria, such as Staphylococcus aureus and Enterococcus faecalis,
and Gram-negative bacteria, such as Providencia stuartii and Klebsiella oxytoca [38]. As a matter of
fact, three metabolites produced by G. candidum have been reported as antimicrobial compounds.
Phenyllactic acid (PLA) and indoleacetic acid (ILA) induce behavioral and structural alterations to
L. monocytogenes, which completely inhibit its growth [37]. The third metabolite, phenylethyl alcohol
(PEA), is responsible for the “aromatic rose” character of soft cheese, and promotes membrane damage
and inhibition of RNA and protein synthesis of Gram-positive and Gram-negative bacteria, such as
S. aureus and Escherichia coli [39]. Among these three metabolites, PLA is the most effective against
bacteria growth [37].

However, the G. candidum mechanism against Fusarium spp. and T-2 toxin production during the
malting process is still unidentified. Given the data in the literature considering PLA as a powerful
antimicrobial, the production of PLA by G. candidum now needs to be monitored and its effect on
Fusarium spp. growth as well as on T-2 toxin concentration needs to be quantified.

Thus, this study aims to decipher the interaction mechanisms between G. candidum and two
Fusarium strains: F. langsethiae 2297 and F. sporotrichioides 186, determine on which level these interactions
occur and identify the metabolite responsible for the T-2 toxin concentration reduction.

2. Results

2.1. Effect of Co-Culture between G. candidum and Fusarium Strains on Fungal Growth and T-2 Toxin
Concentration

The co-culture experiment consisted of simultaneously inoculating G. candidum and Fusarium
strains into Ym medium for different incubation times (ranging from 24 to 168 h) at 22 °C, 150 rpm.
For each incubation time, microbial dry weight, T-2 toxin and PLA concentrations were analyzed in
control cultures (G. candidum, F. langsethiae 2297 and F. sporotrichioides 186 alone) and in co-cultures.
Two co-culture experiments were conducted: G. candidum with F. langsethiae 2297 (Gc/Fl) and G. candidum
with F. sporotrichioides 186 (Gc/Fs).

In control cultures, G. candidum dry weight increased during the first 3 days of incubation reaching
3.9 g/L and then slightly decreased to stagnate at 2.3 g/L during the last hours of the experiments.
For Fusarium control cultures, fungal biomass increased throughout the whole experimental duration;
F. langsethiae 2297 attained a maximum of 3.8 g/L whereas F. sporotrichioides 186 almost reached 3 g/L.
In co-culture conditions, where microorganisms were simultaneously inoculated, for the two co-culture
experiments (Gc¢/Fl and Ge/Fs), the total biomass increased during the first 3 days of incubation and
then stabilized until the end of the experiment. However, in both co-culture experiments, for each
incubation time, the total microbial dry weight was not the sum of dry weights obtained separately
in control culture. Thus, co-culture leads to microbial growth reduction without distinguishing the
growth of G. candidum from Fusarium species (Figure 1).

Figure 2, Panel A, shows that in control culture (F. langsethiae 2297 alone), T-2 toxin was detected
from 48 h and the concentration was 99.65 pg/L (+7.28), and reached 332.7 pg/L (+29.42) after an
incubation time of 168 h. In co-culture (G. candidum with F. langsethiae 2297), T-2 toxin was detected from
72h (20.22 pg/L + 4.32) and attained 116.44 pg/L (+10.89) after incubation for 168 h. The percentage
of T-2 toxin reduction was 100%, 94%, 84% and 65% at 48 h, 72 h, 120 h and 168 h, respectively.
These results were similar to those previously obtained for the F. langsethiae 033 strain [40]. The same
phenomenon was observed in the second co-culture experiment using F. sporotrichioides 186 strain
with slightly different degrees of reduction (Figure 2, Panel B). In control culture (F. sporotrichioides
186 alone), T-2 toxin was detected from 48 h and the concentration was 82.3 pg/L (+6.1), reaching
294.65 ug/L (+4.74) after incubation for 168 h. As for the first co-culture experiment, in the co-culture
G. candidum with F. sporotrichioides 186, T-2 toxin was detected from 72 h (18.8 ug/L + 6.12) and reached
106.25 pg/L (+3.04) after incubation for 168 h. The percentage of T-2 toxin reduction was 100%, 92%,
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74% and 64% at 48 h, 72 h, 120 h and 168 h, respectively. To ensure that T-2 toxin was not degraded,
HT-2 toxin was also monitored and was not detected.
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Figure 1. Microbial dry weight analysis in control cultures (G. candidum, F. langsethiae 2297 and
F. sporotrichioides 186 alone) and in co-culture experiments (G. candidum with F. langsethiae 2297 and
G. candidum with F. sporotrichioides 186).
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Figure 2. T-2 concentration (ug/L) and phenyllactic acid (PLA) concentration (g/L) in co-culture
experiments. Panel A: Co-culture experiment of G. candidum and F. langsethiae 2297. Panel B: Co-culture
experiment of G. candidum and F. sporotrichioides 186 (One-way ANOVA, Tukey’s multiple comparisons
post-hoc test, ** p-value < 0.01; *** p-value < 0.001) ND = not detectable.

In both co-culture experiments, the PLA concentration increased rapidly during the first two
days of incubation. In the co-culture with F. langsethiae 2297, PLA concentration attained 0.25 g/L
(+0.05) at 24 h and 0.46 g/L (+0.06) at 48 h. Afterward, it radically decreased starting at 72 h (0.14 g/L+
0.02) to reach a null value at the end of the incubation time. The same profile was observed in the
co-culture with F. sporotrichioides 186: PLA concentration attained 0.26 g/L (+0.02) at 24 h and 0.36 g/L
(+0.04) at 48 h. PLA concentration in co-culture conditions was inversely proportionate to the T-2 toxin
concentration. Indeed, the increase in T-2 toxin concentration was correlated with the reduction of
PLA concentration in the medium. When PLA was at its highest level (0.46 g/L in Gc/Fl and 0.36 g/L in
Gc/Fs), T-2 toxin was not detected.
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2.2. G. candidum Growth and PLA Production Kinetics

The G. candidum strain selected by the IFBM and used in this study produces PLA during the
brewing process. To study the growth of this filamentous yeast, Ym medium was initially inoculated
with 0.2 g/L of a G. candidum starter culture and incubated at 22 °C, 200 rpm for 5 days. Samples were
withdrawn at the starting point and after 6 h, 122 h 24 h, 48 h, 72 h, 96 h, and 120 h of fermentation time
and the PLA concentrations were measured.

After 48 h of incubation, the concentration of PLA reached a maximal concentration of 0.41 g/L for
2.25 g/L of yeast dry weight. After 72 h of culture, both G. candidum dry weight and PLA concentration
started decreasing, growth went from a maximum of 3.43 g/L (+0.51) to 2.46 g/L (+0.46) and PLA
concentration drastically decreased from a maximum of 0.41 g/L (+0.03) to 0.03 g/L (+0.01) (almost
17 times less) (Figure 3, Panel A). Figure 3, Panel B demonstrates the specific production of PLA
relative to G. candidum biomass through the fermentation time. It clearly shows that the PLA is highly
accumulated in the medium at the early stages of G. candidum growth between 12 and 48 h and then
drastically disappears.

A B
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= T 0.2
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Figure 3. PLA concentration (g/L) and G. candidum biomass (g/L) in Ym medium (Panel A) and PLA
specific production (g PLA/g dry weight) in Ym medium (Panel B).

2.3. Sequential Cultures

This experiment studied the indirect interactions between G. candidum and the two Fusarium
strains. Therefore, the same Ym medium used in Section 2.2 to grow G. candidum was filtrated after 6 h,
12h,24 h, 48 h, 72 h, 96 h and 120 h of fermentation time into sterilized Erlenmeyer flasks. Henceforth,
the obtained filtrate will be called the “pre-fermented medium” which contains all the metabolites
secreted by G. candidum.

In the sequential culture experiment with F. langsethiae 2297, the dry fungal weight was gradually
reduced on pre-fermented media up to 48 h (Figure 4, Panel A). The most significant reduction in the
F. langsethiae 2297 dry weight occurred in the flasks pre-fermented for 12 h, 24 h and 48 h with a 62%,
72% and 66% reduction percentage, respectively. Beyond 24 h of pre-fermentation, it appeared that
F. langsethiae 2297 growth increased slowly. In Ym medium pre-fermented for 120 h, the fungal strain
was able to proliferate naturally (3.1 g/L of fungal biomass compared to 3.4 g/L in a non-fermented
Ym medium). These results demonstrated that the fungal growth inhibition was more efficient in
Ym medium pre-fermented for two days by G. candidum. Previous results showed that the PLA was
produced during the early growth phase of the yeast reaching its peak (between 0.25 and 0.41 g/L of
PLA) at around 24-48 h of fermentation time. This suggests that the PLA was involved in the reduction
of fungal biomass at a rate of 72% (going from 3.4 g/L in a non-fermented medium to 0.95 g/L in 24 h
pre-fermented medium). A significant reduction in T-2 toxin concentration was observed for fungal
cultures performed in Ym medium pre-fermented from 6 h to 72 h (Figure 4-Panel B). To ensure that
T-2 toxin was not degraded, HT-2 toxin was also monitored and was not detected.
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Figure 4. Sequential culture of F. langsethiae 2297 inoculated in pre-fermented medium by G. candidum
and incubated 7 days at 22 °C. Panel A: Dry weight of F. langsethiae 2297 (g/L) in comparison with PLA
concentration (g/L). Panel B: T-2 concentration (ug/L) in comparison with PLA concentration (g/L).
One-way ANOVA, Dunnett multiple comparisons post-hoc test, * p-value < 0.05; ** p-value < 0.01;
*** p-value < 0.001; ns = not significant).

The most significant reduction in T-2 toxin concentration occurred in the flasks pre-fermented for
24 h and 48 h, with a 70% and 56% reduction, respectively. These percentages correlated perfectly with
the biomass reduction rate (72% and 66%, respectively). This suggested that the reduction in fungal
biomass in the medium is responsible for the reduction in T-2 toxin concentrations. Indeed, specific
productions were calculated and demonstrated that the T-2 toxin reduction is correlated to fungal
biomass reduction (data not shown).

The same experiment was conducted using F. sporotrichioides 186 (Figure 5). Fungal growth was
drastically reduced in medium pre-fermented for 6 h, 12 h, 24 h and 48 h at almost the same rate of 70%
in correlation with the increase of PLA in the medium. As expected, the Ym medium pre-fermented
for 6 h, 12 h, 24 h and 48 h showed an important reduction in T-2 toxin of up to 78%. The equivalence
between the growth reduction and the toxin reduction percentages also suggests that it is due to the
cessation of fungal growth.

These experiments demonstrated that the interaction between G. candidum and Fusarium strains
occurs through a compound released by G. candidum in the medium. As previous results showed, it
is highly probable that the PLA, present in G. candidum filtrate is the metabolite responsible for the
reduction of fungal dry weight and the subsequent reduction in T-2 toxin concentration. To validate
this hypothesis, further experiments using pure PLA compound were required.

2.4. Effect of Pure PLA on Fungal Growth and T-2 Toxin Concentration

D-(+)-3Phenyllactic acid was purchased as a pure compound and several concentrations were
tested. To validate the results presented in previous sections, PLA solution was prepared at
concentrations found at different fermentation times: 0.5 g/L, 0.4 g/L, 0.3 g/L and 0.2 g/L. Lower
concentrations of PLA were also tested to determine the minimal inhibitory concentration (MIC):
0.05 g/L and 0.1 g/L. The effect of this pure compound on Fusarium strains growth and its ability to
produce T-2 toxin was evaluated.
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Both F. langsethiae 2297 growth and T-2 toxin production were highly affected by the addition of
D-PLA in Ym medium (Figure 6). As the concentration of D-PLA increased in the medium, lower
fungal mass and lower toxin concentration were quantified. In the control condition (without PLA)
F. langsethiae 2297 dry weight was 3.2 g/L (+0.26) and the T-2 toxin concentration was 148 ug/L (+7.8),
whereas in the presence of 0.3 g/L of PLA, both dry weight and T-2 concentration were reduced to a
rate of 71%, reaching 0.75 g/L (+0.7) and 43.4 ug/L (+1.2), respectively.
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Figure 5. Sequential culture of F. sporotrichioides 186 inoculated in pre-fermented medium by G. candidum
and incubated for 7 days at 22 °C. Panel A: Dry weight of F. sporotrichioides 186 (g/L) in comparison
with PLA concentration (g/L). Panel B: T-2 concentration (ug/L) in comparison with PLA concentration
(g/L). One-way ANOVA, Dunnett multiple comparisons post-hoc test, * p-value < 0.05; ** p-value <
0.01; *** p-value < 0.001; ns = not significant).
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Figure 6. Effect of PLA on the dry weight of F. langsethiae 2297 (A) and T-2 toxin concentration (B)
(One-way ANOVA, Dunnett multiple comparisons post-hoc test, *** p-value < 0.001).

The same PLA concentrations were tested on F. sporotrichioides 186 and similar results were
obtained (Figure 7). The most important reduction occurred in Ym medium supplemented with 0.3 g/L
of D-PLA.
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Figure 7. Effect of phenyllactic acid (PLA) on dry weight of F. sporotrichioides 186 (A) and T-2 toxin
concentration (B) (One-way ANOVA, Dunnett multiple comparisons post-hoc test, * p-value < 0.05;
** p-value < 0.01; *** p-value < 0.001).

In both cases, it seems clear that the reduction of T-2 toxin concentration in the medium is
directly related to the reduction in fungal growth. Specific production was calculated for each PLA
concentration and demonstrated that the T-2 toxin reduction is correlated to the fungal biomass
reduction (Figure 8).
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Figure 8. Specific production of T-2 toxin by F. langsethiae 2297 (A) and F. sporotrichioides 186 in Ym
medium supplemented with pure phenyllactic acid (PLA) (B) and incubated 7 days at 22 °C (One-way
ANOVA, Dunnett multiple comparisons post-hoc test, ns = not significant).

3. Discussion

The contamination of food raw material by fungal species has many consequences. In addition
to the alteration of commodities, the loss of nutritional qualities, and the strong reduction in yield,
fungal development can lead to the accumulation of toxic compounds such as mycotoxins. In France,
the occurrence of several Fusarium species in barley crops intended for brewing has become a source
of concern over the past ten years. In barley crops, the introduction of F. sporotrichioides and F.
langsethiae has been recently observed, progressively replacing F. poae [41-43]. The risk associated
with these Fusarium species is the production of T-2 toxin, the most toxic compound in the type-A
trichothecenes family. During the brewing process, the malting step provides the best conditions
(22 °C and high humidity) for Fusarium development and T-2 toxin production [30]. Currently, G.
candidum is used during the brewing process to reduce T-2 toxin contamination. However, its efficiency
is variable and the mechanisms of interaction between G. candidum and Fusarium species are still
unknown. Previously, Gastélum-Martinez et al. (2012) used the co-culture method between those two
microorganisms and demonstrated that the direct interaction between G. candidum and F. langsethiae
033 led to a drastic T-2 toxin concentration reduction (93% in comparison to the control culture) [40].
To decipher the mechanism of interaction that lead to this reduction, in the presented study, the two
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microorganisms were also cultivated sequentially. First, G. candidum was cultivated, and removed from
the medium before Fusarium strain inoculation. Several incubation times for G. candidum culture were
tested (0 to 146 h) and Fusarium incubation was always 7 days. Results obtained in these sequential
cultures show a reduction in the T-2 toxin concentration linked to a reduction in fungal growth.
In addition, the reduction in T-2 toxin concentration varies according to the medium pre-fermentation
time by G. candidum. In sequential cultures, T-2 toxin concentrations are inversely correlated with the
production of PLA by G. candidum, demonstrating that the mechanism leading to T-2 toxin reduction,
was linked directly to the PLA concentrations in the medium. Indeed, while the PLA concentration
was at its highest level after 48 h of pre-fermentation time, the T-2 toxin concentration was at its
lowest. The correlation between G. candidum growth evolution and PLA concentration in the medium
suggests that PLA is a primary metabolite as it is secreted during the growth phase (from 0 h to 48 h,
the PLA concentration varied from 0 to 0.41 g/L) and then gradually disappeared from the culture
media. PLA biosynthesis is not yet described in G. candidum but well described in lactic acid bacteria
(LAB) strains, which can produce large amounts of PLA. In fact, in lactic acid bacteria, the PLA results
from amino acid metabolism of phenylalanine and o-ketoglutarate. In a glucose, citric acid or fructose
enriched medium, the phenylalanine amino acid group is transferred to «-ketoglutarate under the
action of aromatic amino acid transferase (AAT), leading to the formation of phenylpyruvic acid (PPA),
an intermediate to PLA. Depending on the type of lactate dehydrogenases (L-LDH or D-LDH) present
in lactic acid bacteria, PPA is converted to either L-PLA or D-PLA [44-46]. A potential PLA synthesis
pathway is explicitly demonstrated by Chaudhari and Gokhale (2016) and simplified in Figure 9 [47].
Studies have shown that the D form of PLA is more effective as an antimicrobial compound than the L
form [37].

COOH

Ketoglutarate Glutamate Aj H
O > ~
B —
AAT

HN  OH

Phenylalanine Phenypyruvicacid w ©/YCOOH
HO

L-Phenyllactic acid

D-Phenyllactic acid

Figure 9. Hypothetical phenyllactic acid biosynthesis pathway. Adapted from Chaudhari and
Gokhale (2016) [47]. AAT: amino acid transferase; D-LDH: D-lactate dehydrogenase; L-LDH:
L-lactate dehydrogenase.

Several studies have been conducted on LAB and more precisely, on the Lactobacillus genus, which
is frequently involved in their antifungal activity [48-50]. Lactobacillus strains and L. plantarum in
particular, have been found to produce PLA in sourdough bread. The use of these strains is a means
of natural food preservation. Indeed, studies have shown that they improve the shelf life of bread
and bakery products by decreasing and/or inhibiting fungal activities. PLA is considered one of the
responsible inhibitory compounds along with lactic acid and acetic acid [51]. To our knowledge, no
studies have been carried out on PLA metabolism and its toxicity effect in the human body. In 2002,
Lavermicocca et al. (2003) studied the fungicidal activity of PLA on 23 fungal strains belonging to
Aspergillus, Penicillium and Fusarium genera. Among these strains, 90% showed at least a 50% growth
inhibition at PLA concentrations lower than 7.5 g/L. Other strains presented a growth delay of at least
three days [52]. Dieuleveux et al. have proved that PLA produced by G. candidum strains at 20 g/L also
has antibacterial activity against L. monocytogenes, S. aureus, E. coli and A. hydrophila [37,38,53].

Fusarium strains used in this study were more susceptible to PLA that those tested by Lavermicocca
et al. (2003). Indeed, F. langsethiae 2297 growth was drastically reduced (72%) when it was exposed
to 0.2 g/L of PLA, whereas F. sporotrichioides 186 growth was slightly reduced (47%) when it was
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exposed to 0.3 g/L of PLA. Thus, there is relevant variability in susceptibility among fungal species.
Although the antimicrobial action mechanism is still not elucidated, some suggest that the PLA causes
the bacteria to form aggregates with the secretion of polysaccharides described as a “response to the
attack”. Indeed, as the concentration of PLA increased, a larger amount of polysaccharides were found
in the medium and alteration in cell wall rigidity after only 27 h of incubation was observed leading
to cell death [38,47]. In this study, as indicated by the specific production of T-2 toxin obtained for
each fungal strain, the reduction in the concentration of T-2 toxin is correlated with the reduction in
fungal growth. However, in some cases, the inhibition of fungal growth by sub-lethal concentrations
of fungicide or some natural products enhances mycotoxin production [54-56]. This must be taken
into account in the development of biocontrol strategies.

In this study, to provide an explanation for the phenomenon of T-2 toxin concentration control
during the malting process previously observed by the IFBM, in vitro experiments were carried out
under environmental conditions close to those of the brewing process. Currently, the filamentous
yeast is added in a freeze-dried form (100 g per 25 tons of barley) directly into the barley steeping
water for at least 10 h. Then, the water is discarded and the steeped barley remains at rest for 3 to
5 days at 1620 °C. This stage is the most critical step in the brewing process because the operating
conditions favor Fusarium growth and T-2 toxin production. Results demonstrate that the reduction
in Fusarium contamination and T-2 toxin during the malting process is due to the PLA produced by
G. candidum. Based on the results of this study, in order to develop an effective biocontrol method to
use G. candidum, preparation of the strain seems essential to activate the PLA production metabolism.
Mu et al. developed a medium favorable to PLA production by Lactobacillus sp. strains, highly enriched
with glucose, phenylpyruvic acid (phenylalanine intermediate in the PLA biosynthesis pathway)
and yeast extract [46]. This medium significantly enhanced Lactobacillus sp. proliferation, and thus
PLA yield. However, the use of such broth on an industrial level does not seem to be applicable
for several reasons. On one hand, it may alter the organoleptic characteristics of the final product.
On the other, using these components in large amounts would have a considerable economic impact
on the industry. Consequently, it seems important to combine optimized growth factors (G. candidum
activation medium and initial concentration, fermentation duration, temperature, water activity,
rotation speed, oxygenation levels, etc.) to enhance PLA production naturally, and to develop an
ecofriendly, toxin-free beer product. Moreover, the presence of PLA during the malting step not only
helps to reduce Fusarium flora and consequently, to reduce T-2 toxin concentration, but it also improves
the organoleptic properties of the final beer product [36,57,58]. This study demonstrates for the first
time, the role of PLA as a biocontrol agent in reducing T-2 toxin concentration.

4. Materials and Methods

4.1. Reagents and Chemicals

T-2 toxin and phenyllactic acid (PLA) were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier,
France). Stock solutions were prepared in dimethylsulfoxyd (DMSO) and acetonitrile-water (30:70
v/v) mixture, respectively, and stored at —18 °C until use. Solvents used for T-2 toxin extraction and
high-performance liquid chromatography (HPLC) were analytical grade quality and purchased from
Thermo-Fisher Scientific (Illkirch, France). Ultrapure water used for HPLC was purified at 0.22 um by
an ELGA purification system (ELGA LabWater, High Wycombe, United Kingdom).

4.2. Strains, Media and Culture Conditions

In this study, two Fusarium strains were used: F. sporotrichioides 186 and F. langsethiae 2297.
Both strains were previously isolated from contaminated barley kernels and were kindly provided
by the French Institute of Brewing and Malting (IFBM). The filamentous yeast Geotrichum candidum
is already used as a biocontrol agent during the malting process (IFBM Malting Yeast® DMS food
specialties, La Ferté sous Jouarre, France) and was purchased from DSM Food Specialties.
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Fusarium pre-cultures were performed on potato dextrose agar medium (PDA 39 g/L) and
incubated at 22 °C for 7 days. Cultures were then used to induce sporulation or conserved at 4 °C.
Fusarium strains sporulation was induced in carboxymethylcellulose (CMC) liquid medium (CMC:
carboxymethylcellulose 15 g/L; yeast extract 1 g/L; MgSO,4 7H,0 0.5 g/L; NH4NO3 1g/L; KHpPOy4 1 g/L).
Briefly, at least 15 plugs of each Fusarium strain from a seven-day-old solid pre-culture were inoculated
in 150 mL of CMC medium and incubated in an orbital shaker set at 22 °C at 150 rpm for 15 days in the
dark. At the end of the incubation time, the solution was filtrated using sterilized Mira cloth. Spores
were counted on Thoma cell counting chamber and ultimately used to inoculate culture during further
experiments or conserved in 40% glycerol at —80 °C.

G. candidum strain was supplied in freeze-dried form, thus a pre-culture was essential to revivify
it prior to experimental use. A 24 g/L culture was prepared in 250 mL of yeast and malt (Ym) liquid
medium (Ym: glucose 5 g/L; yeast extract 1.5 g/L; malt extract 1.5 g/L; peptone salt 2.5 g/L pH 7) and
incubated in an orbital shaker set at 22 °C at 150 rpm for 24 h. At the end of the incubation time, this
culture was used as a starter culture.

Ym liquid medium was used during all experiments (co-cultures and sequential cultures) to
elucidate the interaction mechanisms between G. candidum and Fusarium strains.

4.3. Kinetic of PLA Production by G. candidum

In an Erlenmeyer flask, 150 mL of Ym medium was inoculated with G. candidum starter culture
with a final concentration adjusted at 0.2 g/L and then incubated in an orbital shaker set at 22 °C at
150 rpm for different fermentation times ranging from 6 h to 120 h. At the end of the fermentation time,
the medium was aseptically divided into two volumes. First, 50 mL were used to evaluate G. candidum
growth by measuring the dry weight and PLA concentration by HPLC-DAD at each sampling time.
The remaining 100 mL was aseptically filtered to eliminate G. candidum cells, leaving only its excreted
metabolites in the medium. The medium nutrients were then adjusted according to the volume and the
pH was adjusted at 7. These volumes were used during the sequential cultures experiments and are
henceforth referred to as pre-fermented medium. Experiments were conducted four times in triplicate.

4.4. Co-Culture of Fusarium Strains and G.candidum

Erlenmeyer flasks containing 150 mL of Ym medium were inoculated with G. candidum starter
culture at the final concentration of 0.2 g/L. Then, F. langsethiae 2297 or F. sporotrichioides 186 was
inoculated at a final concentration of 10° spores/mL in their respective flasks. For control conditions,
each microorganism was inoculated alone at the same concentrations. Cultures were incubated in an
orbital shaker set at 22 °C at 150 rpm. Several incubation times were tested: 24 h, 48 h, 72 h, 120 h and
168 h. At the end of all sampling times for all culture conditions the total dry weight, PLA and T-2
toxin concentration were evaluated. All experiments were conducted twice in duplicate.

4.5. Sequential Cultures of Fusarium Strains and G.candidum

For sequential cultures, 100 mL of pre-fermented Ym medium at different fermentation times
ranging from 6 h to 120 h (used in Section 4.3) were inoculated with F. langsethiae 2297 or F. sporotrichioides
186 at the final concentration of 10° spores/mL in their respective flasks. Cultures were incubated in an
orbital shaker set at 22 °C at 150 rpm for 7 days. For the control condition, F. sporotrichioides 186 or
F. langsethiae 2297 were inoculated in a non-fermented Ym liquid medium at the same concentrations.
At the end of the incubation time, fungal growth was evaluated by measuring the dry weight and T-2
toxin concentration by HPLC-DAD. All experiments were conducted twice in duplicates.

4.6. Phenyllactic Acid Effect on F. sporotrichioides 186 and F. langsethiae 2297 Growth and T-2 Toxin
Concentration

To confirm that PLA is the metabolite produced by G. candidum, which is involved in Fusarium
growth reduction and T-2 toxin concentration reduction, fungal cultures were conducted in Ym liquid
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medium supplemented with PLA. PLA standard stock solution was prepared at 40 mg/mL in a mixture
of acetonitrile/water (30/70, v/v) and appropriate volumes of PLA stock solution were added in order
to obtain several different concentrations: 0.05 g/L; 0.1 g/L; 0.2 g/L; 0.3 g/L; 0.4 g/L and 0.5 g/L in
Erlenmeyer flasks containing 100 mL of Ym liquid medium. Then, F. langsethiae 2297 or F. sporotrichioides
186 was inoculated at the final concentration of 10 spores/mL in their respective flasks. Cultures were
incubated in an orbital shaker set at 22 °C at 150 rpm for 7 days. At the end of the incubation time,
Fusarium strains’ growth was evaluated by measuring the dry weight and T-2 toxin concentration by
HPLC-DAD. PLA dilutions were prepared to add only 75 uL of acetonitrile in the culture medium,
this concentration having been identified as a no-effect dose on both fungal growth and T-2 toxin
concentration. Control cultures were performed by adding only 75 uL of acetonitrile to the medium.

4.7. G. candidum, F. sporotrichioides 186 and F. langsethiae 2297 Biomass Evaluation

To estimate microorganism growth during the incubation period, vacuum filtration was performed
to determine the dry weight (g/L). First, cellulose nitrate filters (pore size 0.45 um, Sartorius Stedim
Biotech, Goettingen, Germany) were left to dry overnight in an oven set at 105 °C. Afterward, 10 mL
of culture medium were vacuum-filtered at each sampling time and filters were then incubated at
105 °C for 24 h. The microorganism dry weight refers to the difference between filters post-filtration
and pre-filtration.

4.8. PLA and T-2 Toxin Quantification by HPLC-DAD

4.8.1. PLA Quantification

At each sampling time, 1 mL of culture media was withdrawn and filtrated through 0.45 um PTFE
syringe filters (Thermo Scientific Fisher, Villebon-Sur-Yvette, France) to eliminate microorganisms from
the supernatant prior to injection into HPLC apparatus. Analyses of PLA were performed using a Luna
C18(2) column (5 um, 250 X 4.6 mm) and a pre-column with the same characteristics (Phenomenex,
Torrance, CA, USA). The detection of PLA was performed using a Dionex Ultimate 3000 UHPLC
system coupled with a diode-array detector (DAD) set at 210 nm (Thermo Fisher Scientific, Illkirch,
France). The analysis was performed in a gradient mode using acidified water (0.2% of acetic acid
glacial) as solvent A and pure HPLC grade acetonitrile as solvent B. Flow was set at 1.2 mL/min with
A/B ratios of 90:10, 50:50, 50:50, 0:100 and 90:10, with run times of 0.0, 4.0, 9.0, 10.0 and 15.0 min,
respectively. Injection volume was set at 50 pL. PLA quantification was calculated according to a
standard calibration curve with concentrations ranging between 10 and 1000 mg/L.

4.8.2. T-2 Toxin Extraction and Quantification

After the incubation period, cultures were filtrated with Nalgene™ Rapid-Flow™ Filters of 0.45 um
pore size (Thermofischer Scientific, Waltham, MA, USA) to remove microorganisms. Filtrates were
then extracted with 70 mL of ethyl acetate and shaken on a Universal Shaker SM 30 B Control Edmund
Biihler® (Thermofischer Scientific, Waltham, MA, USA) set at 150 rpm overnight. The organic phase
was recovered and evaporated until dry under a rotavapor set at 60 °C. Samples were resuspended with
2 mL of acetonitrile/water (30/70, v/v) mixture and filtered through 0.45 um PTFE syringe filters (Sigma
Aldrich, St. Quentin Fallavier, France). Samples were conserved at 4 °C until further analysis. T-2
toxin was analyzed by Gemini C18 columns, 150 mm X 4.6 mm, 3 um and a pre-column with the same
characteristics (Phenomenex). As for PLA, T-2 toxin was detected and quantified using HPLC-DAD
(Dionex, Sunnyvale, CA, USA) according to the methodology described by Medina et al. [59]. T-2 toxin
quantification was calculated according to a standard calibration curve with concentrations ranging
between 0.2 and 50 pg/mL.
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4.9. Statistical Analysis

First, the normal distribution of data was tested by the Shapiro-Wilk test. Then, one-way analysis
of variance (ANOVA) followed by Dunnett’s multiple comparisons test was used to analyze the effect
of PLA on F. langsethiae 2297 and F. sporotrichioides 186 growth and their T-2 production. One-way
ANOVA followed by a Tukey’s multiple comparisons test was used to analyze the differences between
control and co-culture or sequential culture conditions. The statistical analysis of data was carried out
with GraphPad Prism 8 software (GraphPad Software, La Jolla, CA, USA). Differences were considered
to be statistically significant when the p-value was lower than 0.05. Graphical values are represented
by mean + standard deviation (SD).
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Abstract: Despite the efforts to control mycotoxin contamination worldwide, extensive contamination
has been reported to occur in food and feed. The contamination is even more intense due to climate
changes and different stressors. This study examined the impact of fullerol Cg(OH),4 nanoparticles
(FNP) (at 0, 1, 10, 100, and 1000 ng mL™1) on the secondary metabolite profile of the most relevant
foodborne mycotoxigenic fungi from genera Aspergillus, Fusarium, Alternaria and Penicillium, during
growth in vitro. Fungi were grown in liquid RPMI 1640 media for 72 h at 29 °C, and metabolites
were investigated by the LC-MS/MS dilute and shoot multimycotoxin method. Exposure to FNP
showed great potential in decreasing the concentrations of 35 secondary metabolites; the decreases
were dependent on FNP concentration and fungal genus. These results are a relevant guide for future
examination of fungi-FNP interactions in environmental conditions. The aim is to establish the exact
mechanism of FNP action and determine the impact such interactions have on food and feed safety.

Keywords: fullerol C4(OH),4; nanoparticles; foodborne mycotoxigenic fungi; mycotoxins; secondary
metabolism; Aspergillus spp.; Fusarium spp.; Alternaria spp.; Penicillium spp.

Key Contribution: The FNP affects the secondary metabolite profile of foodborne mycotoxigenic
fungi from the genera Aspergillus, Fusarium, Alternaria and Penicillium during growth in vitro. A
reduction of concentrations in 35 secondary metabolites was observed; depending on the applied
FNP concentration and fungal genus.

Toxins 2020, 12, 213; doi:10.3390/toxins12040213 111 www.mdpi.com/journal/toxins
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1. Introduction

The stable water-dissolved forms of fullerene Cyy (nCgp) are nanosized (1-100 nm). During its
progression through different environmentally relevant routes, upon photoexcitation with oxygen,
nCgp form water-soluble oxidised derivatives known as fullerols [1]. Moreover, fullerenes and fullerols
are synthesised for specific applications in various industrial commodities [2-6]. Accordingly, the
potential for fullerene (nano)materials to enter natural systems is increasing [7-9], which makes fullerol
an environmentally relevant daughter product. Despite our efforts, their environmental reactivity, at
least in the case of interaction with mycotoxigenic fungi, remains poorly defined [10-13].

It is common knowledge that mycotoxins are not desirable due to their worldwide negative
impacts on human and animal health, economies and trade [14]. According to Eskola et al. [15],
global mycotoxin prevalence is up to 60%-80%, and such a high occurrence can be explained by a
combination of improved sensitivity in analytical methods, and the impact of climate change. The
most relevant foodborne mycotoxin producing fungi belong the genera Aspergillus, Fusarium, Alternaria
and Penicillium [16,17], and maximum levels of secondary metabolites produced by these genera
are regulated by the European Union in the Commission Regulation (EC) No. 1881/2006 [18] and
the Commission Recommendation 2013/165/EU [19]. Furthermore, plants and fungi can biologically
modify mycotoxins by conjugation, while modifications are also possible during food processing.
Today these processes contribute, at a significant rate, to food and feed contamination [16]. Accordingly,
the European Food Safety Authority is trying to assess exposure and the effects on human and animal
health by generating a more accurate database on the occurrence of modified mycotoxins in food
and feed [20,21]. The mycotoxigenic fungal community structure has been changing due to climate
change, which has put an even bigger emphasis on investigating mycotoxin occurrence. In short,
mycotoxin growth and production by major foodborne fungi are highly influenced by climate change
factors [22-26], for example, environmental temperature change is affecting contamination by aflatoxins
in Eastern Europe, the Balkan Peninsula and Mediterranean regions [27].

Fungal secondary metabolism comprises part of their oxidative stress response pathways.
Therefore, stressors to fungi from the environment, including the surrounding microbiome (biotic
stressors) or drought, pH, light, neglected environmental compounds, etc. (abiotic stressors), reflect on
the reactive oxygen species, and more specifically, the signals (nuclear factors) that initiate/modulate
biosynthesis of secondary metabolites, if the stressor is within the level that induces adaptation and
survival rather than cell death [10,28,29]. At the same time, fullerol C¢y(OH)4 nanoparticles (FNP)
possess an antioxidative potential and poorly defined environmental reactivity [10,12,30]. These factors
suggest that FNP modulation of the secondary metabolite profile of mycotoxigenic fungi would likely
add to already increased contamination of the environment by mycotoxins.

The aim of this study was, therefore, to determine the effect of FNP on the secondary metabolite
profile of the main foodborne mycotoxigenic fungi. Itis hypothesised that FNP will modulate secondary
metabolism of tested fungi, depending on the applied concentration, while an altered effect dependent
on the fungal species is also expected. This study can be accepted as preliminary, as it is expected
to be the driving factor for more follow-up-studies on the same issue, with results determining the
direction and hypothesis of further research. It is one very important step closer to determine the exact
mechanism of FNP action.

2. Results

2.1. Fullerol Cs9(OH),4 Nanoparticle Characterisation

The results of FNP characterisation were obtained through transmission electron microscopy
(TEM), dynamic light scattering (DLS) and zeta () potential measurements (Figure 1). TEM analyses
showed (Figure 1a,b) that FNP aqueous solution had particles with sizes less than 10 nm as most
dominant, with a tendency to form bigger agglomerates with dimensions under 100 nm. Figure 1c,d
represents results of particle size distribution by the number showing that most of the FNP had the
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mean hydrodynamic radii in the range of 4-18 nm, having a most of the particles (27%) with a size of
7 nm (Figure 1c). The mean ( potential value of analysed samples was —44.1 mV (Figure 1d).
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Figure 1. Fullerol C¢(OH),4 aqueous nanoparticle solution (¢ = 10 mg mL™1) under transmission
electron microscope (TEM) at 30,000x (a) and 150,000 (b) magnification, as well as particle size
distribution by number (c) and apparent zeta potential (() (d). The data represent one selected result
out of three measurements and represent the mean hydrodynamic radius (c) and surface charge (d). -~-
values on x-axes not showed between 100-1000 on (c) and 0-100 on (d).

2.2. Impact of Fullerol Co(OH),4 Nanoparticles on the Growth of Foodborne Mycotoxigenic Fungi

The FNP effect (0, 10, 100 and 1000 ng mL™") on the growth of tested fungi is presented in Figure 2.
After a 72 h growth period at 29 °C in RPMI 1640 media, no statistically significant difference of
growth rate between treated and nontreated samples was observed, except in the case of Fusarium
graminearum mycelia treated with the highest tested FNP dose of 1000 ng mL ™" (p = 0.03). Furthermore,
a statistically significant difference in growth rate (p = 0.0465) was observed between FNP applied
at 10 and 1000 ng mL! in the case of Penicillium expansum. The dose-dependent growth increase
was observed in the case of Alternaria alternata (16% to 42%) and P. expansum (17% and 32% at FNP
of 1 and 10 ng mL!). The same dose-dependent effect, but of the opposite trend, was observed for
Aspergillus flavus (7% to 15%), P. expansum (6% and 8%, only at applied FNP of 100 and 1000 ng mL!)
and Fusarium fungi, at the highest rate. Fusarium verticillioides growth rate decreased by 2% to 9% and
Fusarium culmorum decreased by 12% to 22%, while F. graminearum growth rate was decreased at the
highest rate observed in this study, from 44% to 50%.
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Figure 2. Fullerol Cg(OH)y4 nanoparticles (FNP) influence on = Fusarium verticillioides (CBS 119.825),

Fusarium graminearum (CBS 110.250), m Fusarium culmorum (IFA 104), m Aspergillus flavus (NRRL 3251),
m Alternaria alternata (WT) and m Penicillium expansum (CBS 325.48) biomass production (expressed as
optical density at 450 nm) in liquid RPMI 1640 medium incubated over a 72 h period at 29 °C. Data
represent the mean + standard error of the mean (SEM) from three separate experiments.

2.3. The Impact of Fullerol Cs9(OH),4 Nanoparticles on Secondary Metabolite Profiles of Selected Foodborne
Moycotoxigenic Fungi

The FNP effect on the secondary metabolite profiles of selected foodborne mycotoxigenic fungi is
presented in Figures 3-6.
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Figure 3. Penicillium expansum (CBS 325.48) secondary metabolite profile in liquid RPMI 1640 medium
after 72 h at 29 °C influenced by 0, 1, 10, 100 and 1000 ng mL~! of fullerol Ce0(OH)y4 nanoparticles
(FNP). Detected were (a) roquefortine C, (b) citrinin and (c¢) dihydrocitrinone. Data represent the
mean =+ standard error of the mean (SEM) from three separate experiments and are expressed in
ng mL~L. P. expansum colony was grown on potato dextrose agar for 168 h (d).
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In RPMI 1640 media, P. expansum (Figure 3) produced the following mycotoxins: roquefortine
C, citrinin and dihydrocitrinone. These compounds were observed in our control and FNP-treated
samples, however, a decrease in the production of these compounds was observed after FNP treatments.
For example, roquefortine C exhibited a greater decrease in concentration (61% to 75%). The
concentration of produced citrinin exhibited an FNP-related decrease of 30% to 65%, caused by FNP at
100 ng mL~!. The dihydrocitrinone concentration decreased by 30% to 51%. There were also observed
statistically significant (p = 0.01) differences between the control and FNP-treated samples, including
the roquefortine C concentration at 10 ng mL~! of FNP, the citrinin concentration at 100 ng mL™! of
ENP, as well as the dihydrocitrinone concentration at 1000 ng mL~! of FNP.

Alternaria alternata secondary metabolites produced in the RPMI 1640 media under the presence
of FNP are shown in Figure 4. The presence of alternariol, alternariolmethylether and tenuazonic
acid were observed, both in control and FNP treated samples. Again, in the case of all mentioned
metabolites, a decrease of produced concentrations was observed, after treatment of fungi with FNP
during growth, in comparison with control samples. Alternariol exhibited a concentration decrease of
11%—-65% upon exposure to FNP, whereas reductions for alternariolmethylether and tenuazonic acid
were reduced up to 100% and 66%, respectively. Statistically significant differences between the control
and FNP-treated samples were also observed, including alternariol at 10 ng mL~! of FNP (p = 0.026),
alternariolmethylether at 1000 ng mL~! (p = 0.01) and tenuazonic acid at 1 ng mL~! (p = 0.01).

" 1000

Alteraria alternata WT

FullerolC,y(OH),, [ng m1 ] Fullerol Cu(OH):, [ng mi ] Fullersl CuOy [ng ml )

Figure 4. Alternaria alternata (WT) secondary metabolite profile in liquid RPMI 1640 medium after
72 h at 29 °C influenced by 0, 1, 10, 100 and 1000 ng mL~" of fullerol Cgy(OH),4 nanoparticles (FNP).
Detected were (a) alternariol, (b) alternariolmethylether and (c) tenuazonic acid. Data represent the
mean + standard error of the mean (SEM) from three separate experiments and are expressed in
ng mL~L. A. alternata (WT) colony was grown on potato dextrose agar for 168 h (d).

For the Aspergillus flavus secondary metabolites produced under the presence of FNP, in the RPMI
1640 media, aflatoxin B1 (AFB1), kojic acid, norsorolinic acid, cyclopiazonic acid, 3-nitropropionic acid,
asperfuran and dichlordiaportin were observed both in the control and FNP treated samples (Figure 5).
While AFB1, kojic acid, cyclopiazonic acid, 3-nitropropionic acid and dichlordiaportin exhibited an
overall decrease in concentrations if FNP was applied, norsorolinic acid and asperfuran generally
exhibited an increase in concentration during FNP exposure.

FNP decreased AFB; concentration 59%—75% and decreased 3-nitropropionic acid production by up
to 58% (Figure 5). The respective reductions observed for dichlordiaportin, kojic acid and cyclopiazonic
acid were found to range from 16%-24%, 50%-72% and 24%-70%. The two A. flavus mycotoxins that
exhibited highly variable FNP-related responses (decreases and increases in concentrations) were
norsolorinic acid and asperfuran. Norsolorinic acid concentrations increased by 17% and 54% (at 1 and
10 ng mL~! of FNP, respectively), while 100 and 1000 ng mL~! of FNP decreased its concentrations
by 28% and 7%, respectively. Respective asperfuran concentrations decreased by 22% and 20% (at
1 and 1000 ng mL™!), but they also increased by 43% and 33% at respective FNP concentrations
of 10 and 100 ng mL~1. AFB; concentration was significantly decreased at 1 ng mL! (p = 0.010),
dichorodiaportin at 100 ng mL™! (p = 0.014), kojic acid at 1 ng mL~! (p = 0.010) while cyclopiazonic
acid concentration was statistically significant decreased at 1000 ng mL~" (p = 0.010) of FNP. Moreover,
a statistically significant difference (p = 0.010) in FNP effect was observed at norsorolinic acid between
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10 and 100 ng mL~! of FNP. Asperfuran concentrations were statistically significant different after
application of 1 and 10 ng mL~! of FNP (p = 0.035) and 1 and 1000 ng mL~! of ENP (p = 0.047).
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Figure 5. Aspergillus flavus (NRRL 3251) secondary metabolites profile in liquid RPMI 1640 medium
after 72 h at 29 °C influenced by 0, 1, 10, 100 and 1000 ng mL ! of fullerol Co(OH),4 nanoparticles (FNP)
(a—g). Data represent the mean + standard error of the mean (SEM) from three separate experiments
and are expressed in ng mL~!. A. flaous NRRL 3251 colony was grown on potato dextrose agar for
168 h (h).

In Figure 6, the secondary metabolite profile of selected Fusarium spp. fungi grown in RPMI
1640 medium during 72 h at 29 °C influenced by 0, 1, 10, 100 and 1000 ng mL~! of FNP is presented.
Figure 6a presents the F. verticillioides secondary metabolites produced under the presence of FNP. In the
RPMI 1640 media, the presence of aurofusarin, culmorin, fusaric acid, sambucinol, equisetin, fusarin
C and gibepyron D were observed, both in the control and FNP treated samples, except equisetin.
Interestingly, no major trichothecenes were detected in the RPMI 1640 medium (deoxynivalenol,
nivalenol, T-2 toxin, HT-2 toxin and their derivatives), together with fumonisins. FNP did not affect
aurofusarin at 1 ng mL~!, but they completely blocked its production, or secretion in media, at all other
tested concentrations. When culmorin was present, there was a certain increase in production, from
7% to 67%, whereas the highest increase was in the presence of FNP at 1 ng mL~!, again. Similarly,
the fusaric acid concentrations increased even more, from 128% to 542%, at the 1 ng mL! treatment
with FNP. In the case of sambucinol, the 1 and 100 ng mL! treatments caused respective increases in
concentration of 94% and 133%, while 10 and 1000 ng mL~! caused respective concentration decreases
of 50% and 11%. Equisetin was not detected in the control samples when FNP at 1 and 10 ng mL ™!
was applied, but it was observed after addition of 100 and 1000 ng mL~! of FNP in growth media.
Fusarin C concentrations were decreased by FNP, from 8% to 22%, while 10 ng mL~! of FNP caused
a 22% decrease. The FNP caused a decrease of gibepyron D concentrations from 58% to 64%, while
its concentration was also increased 8% after addition of 10 ng mL~! in growth media. Furthermore,
the statistically significant differences were observed between control and FNP treated samples but
also between applied FNP concentrations. Differences in culmorin and fusaric acid production were
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statistically significant, in comparison with control samples, after the addition of 1 ng mL~! of FNP
(p = 0.01). The fusarin C concentration was statistically significant in comparison with control samples
when 10 ng mL~! of FNP applied (p = 0.01). Moreover, there was a significant difference between the
effect of FNP at 10 and 100 ng mL~! on sambucinol (p = 0.01), while in the case of gibepyron D, a
significant difference was noted between 1 and 10 ng mL .

Fusarium graminearum secondary metabolites produced in the RPMI 1640 media under the presence
of FNP (Figure 6b) were: aurofusarin, chrysogin, culmorin, rubrofusarin, sambucinol, butenolid and
zearalenone-sulfate, both in the control and FNP treated samples. ENP present in growth media
at all tested concentrations reduced aurofusarin concentrations by 40%—43%, while chrysogin was
reduced by 61%—65%. Culmorin concentrations were decreased by 8% to 55%, while the most effective
inhibition of 55% was noted when 100 ng mL ™! of FNP was applied. At the same time, when the
1000 ng mL~! of FNP was applied, culmorin concentration in growth media was decreased by 24%.
Similar to that, rubrofusarin concentration was increased by 34% after the application of 1000 ng mL ™!
of FNP, while at all other tested FNP doses a decrease in concentration was noted, from 26%-51%; the
highest decrease when 10 ng mL~! of FNP was present in the growth media. Alternatively, the highest
decrease in butenolid concentrations was noted at 10 ng mL~! of FNP (33%), while the decrease ranged
from 27%-33%, in general. The zearalenone-sulfate concentrations were decreased by 41%-55%, at
the highest rate of 55% when 100 ng mL~! of FNP was present in growth media. The sambucinol
concentration was decreased at all tested FNP concentrations, from 145%-984%, while 10 ng mL!
of FNP caused the highest decrease of 984%. As mentioned above, not only were there statistically
significant differences between control and FNP treated samples, but also between applied FNP
concentrations. The aurofusarin concentration after addition of 10 ng mL~! of ENP in growth media
was statistically significant different (p = 0.01) in comparison with the control sample. The sambucinol
and butenolid production was statistically significant different, after addition of 10 ng mL~! of FNP
(p = 0.01), while zearalenone-sulfate concentrations were significantly different at 100 ng mL~! of FNP
(p = 0.01). The chrysogin concentration produced under the effect of 1000 ng mL~! was also statistically
significantly different in comparison with control samples (p = 0.026). Statistically significant difference
between the applied FNP concentrations was noted at culmorin between 100 and 1000 ng mL~! of
FNP (p = 0.01), while at produced rubrofusarin concentrations difference was noted between 10 and
1000 ng mL~! of FNP (p = 0.01).

Figure 6¢ shows the Fusarium culmorum secondary metabolites produced under the presence
of FNP. In the RPMI 1640 media, the presence of aurofusarin, beauvericin, chrysogin, culmorin,
sambucinol, zearalenone and zearalenone- sulfate were detected, both in control and FNP treated
samples. FNP reduced aurofusarin by 44% to 58% at all tested FNP concentrations, except 100 ng mL~"
which increased its concentration in growth media by 52%. Chrysogin concentration was reduced by
FNP from 50%-54%, zearalenone from 79% to 86% and zearalenone-sulfate from 48%-55%. On the
other hand, in the case of beauvericin, FNP increased production by 228% to 1342%, while the highest
increase was caused by an FNP concentration of 100 ng mL~L. Moreover, culmorin concentrations
were also increased in FNP presence, from 36%—-63%, where FNP at 1 ng mL~! caused the highest
increase of 63%. As mentioned above, between F. culmorum secondary metabolites were again observed
statistically significant differences between control and FNP treated samples, as well as between
applied FNP concentrations. The beauvericin concentration after addition of 100 ng mL~! of FNP in
growth media was significantly (p = 0.01) different in comparison with the control sample, while in the
chrysogin and zearalenone-sulfate concentrations differences (p = 0.01) were observed in the case of
10 ng mL~! of FNP, culmorin at 1 ng mL~! of FNP (p = 0.01) and zearalenone at 1000 ng mL~" of FNP
(p = 0.01). Moreover, a statistically significant difference between the applied FNP concentrations was
noted in the case of aurofusarin and sambucinol at 1 and 100 ng mL~! of FNP present in growth media
(p = 0.01).
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Figure 6. (a) Fusarium verticillioides (CBS119.825), (b) Fusarium graminearum (CBS 110.250) and
(c) Fusarium culmorum (IFA 104) secondary metabolites profile in liquid RPMI 1640 medium after 72 h
at 29 °C influenced by 0, 1, 10, 100 and 1000 ng mL™! of fullerol Cgy(OH),4 nanoparticles (FNP). The
detected F. verticillioides (CBS119.825) metabolite were (a-1) aurofusarin, (a-2) equisetin, (a-3) culmorin,
(a-4) gibepyron D, (a-5) sambucinol, (a-6) fusarin C and (a-7) fusaric acid. F. verticillioides colony grown
on potato dextrose agar for 168 h (a-8). The detected Fusarium graminearum (CBS 110.250) metabolites
were (b-1) aurofusarin, (b-2) chrysogin, (b-3) culmorin, (a-4) rubrofusarin, (b-5) sambucinol, (b-6)
butenolid and (b-7) zearalenone-sulfate. F. graminearum colony grown on potato dextrose agar for 168 h
(b-8). The detected F. culmorum (IFA 104) metabolite were (c-1) aurofusarin, (c-2) beauvericin, (c-3)
chrysogin, (¢-4) culmorin, (¢-5) sambucinol, (¢-6) zearalenone and (c-7) zearalenone-sulfate. F. culmorum
colony was grown on potato dextrose agar for 168 h (c-8). Data of all tested Fusarium fungi represent
the mean + standard error of the mean (SEM) from three separate experiments and are expressed in
ng mL~1L.

3. Discussion

On the basis of the previously reported FNP effect on A. flavus [10,12], our goal was to determine if
there is a similar effect of FNP on the secondary metabolism of other important foodborne mycotoxigenic
fungi. The hypothesis was that FNP would modulate secondary metabolism of tested fungi, depending
on the applied concentration, while the effect will also be genus- or species-dependent. The results
herein establish the foundation for follow-up studies to determine the FNP mechanism during
interaction with mycotoxigenic fungi.

The size of nanoparticles, as well as the ability to form aggregates/agglomerates, are the features
that determine their properties and subsequent biological activity. Thus, results of TEM, DLS and ¢
potential indicate that the prepared FNP water solution is a stable polyanionic system mostly composed
of clusters with sizes less than 100 nm. These results are in accordance with our previously published
results and EC Recommendation for the definition of the term “nanomaterial” [10,12,31-34].

In general, our findings are in accordance with previously reported data on FNP impact on
mycotoxigenic fungi biomass production. However, available data stems from experiments only
conducted with A. flavus [10,12], and to the best of our knowledge, this is the first report on FNP
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impact on representatives of Alternaria, Penicillium and Fusarium spp. It is evident that every tested
concentration of FNP yielded no strong antifungal effect. Despite the above-mentioned differences, there
were certain effects of FNP on the foodborne mycotoxigenic fungi growth rate, which is in accordance
with a previous study conducted by Holmes et al. [35]. Our findings suggest that his conclusions can
be applied to other mycotoxigenic fungal species. Indeed, the confirmed FNP dose-dependent effect
on A. flavus biomass in different liquid growth media extends to other tested fungal species [10,12].
Some of the inhibitors at lower concentrations can modulate secondary metabolism, but at higher
concentrations, they can affect the growth of fungi. Moreover, growth inhibition cannot be directly
correlated with secondary metabolism intensity, but it is important to examine both parameters. For
example, the fact that growth of fungi under abiotic stressors remains practically unaffected is in
accordance with results of Medina et al. [26,36] and Kova¢ et al. [12]. It is known that many compounds
with inhibitory potential are also able to act as antioxidants, although the mode of their action is
poorly understood [35]. We have shown this to also be true for FNP, which exhibit antioxidative
properties. Furthermore, it is known fact that mycotoxigenic fungi are very sensitive to oxidative status
perturbations, and one of their defence mechanisms involves production and export of secondary
metabolites out of the cell, at least in the case of A. flavus [10,29].

Penicillium expansum produced secondary metabolites under the presence of FNP, as shown in
Figure 3. Roquefortine C (Figure 3a) is a modified diketopiperazine, which showed bacteriostatic
activity against G+ bacteria and also can interact with cytochrome p450 and interfere with RNA
synthesis; this mycotoxin is also neurotoxic to cockerels [37]. Citrinin (Figure 3b) is a polyketide
compound involved in the etymology of Balkan endemic nephropathy. Toxicity and genotoxicity
of citrinin are related to oxidative stress or increased permeability of mitochondrial membranes. In
mice and rabbits, LDs is estimated at 100 mg kg~' BW, while citrinin residues may occur in edible
tissues and eggs after oral exposure of animals to highly contaminated feed [38,39]. Dihydrocitrinone
(Figure 3c) is a secondary metabolite that originated from Penicillium and Aspergillus spp. and is related
to citrinin. To be more precise, it is the less toxic metabolite of citrinin which is found in the urine
and blood of rats and humans [40]. All the mentioned metabolites of P. expansum were detected after
growth in RPMI 1640 media, with roquefortine C, citrinin and dihydrocitrinone, exhibiting a decrease
in concentration after FNP was added to the growth media.

Alternaria alternata secondary metabolites produced under the presence of FNP are shown in
Figure 4. Alternariol, alternariolmethylether and tenuazonic acid were all detected in the growth
media. Alternariol (Figure 4a) and alternariolmethylether (Figure 4b) are dibenzo-a-pyrones, and
it is believed that they are mutagenic because of their in vitro genotoxic effects. It has been shown
that they interfere with topoisomerases I and II, with effects that have been described as “poisoning’.
Tenuazonic acid (Figure 4c) belongs to a group of tetramic acid derivatives and is acutely toxic (LDsg
81-225 mg kg~! BW; mice). It is produced as a virulence factor to facilitate the colonisation of the
fungus on plants since it inhibits protein biosynthesis by suppressing the release of new proteins from
the ribosomes [41]. All of the mentioned A. alternata metabolites detected after growth in RPMI 1640
media were decreased in concentration after FNP was added to the growth media.

Aspergillus flavus secondary metabolites were produced under the presence of FNP in RPMI 1640
media, as shown in Figure 5. AFBy, kojic acid, norsorolinic acid, cyclopiazonic acid, 3-nitropropionic
acid, asperfuran and dichlordiaportin were detected in the growth media. The impact of FNP on the
A. flavus secondary metabolite profile was already reported [10,12]. However, these experiments were
conducted in different microbiological media, so these results are the first generated from A. flavus
grown in RPMI 1640 media for this purpose, but are in still in accordance with previous reports.
Again, there was observed reduction of secondary metabolite concentrations in growth media as
we already stated [10,12,13], which is proof of a reasonably conducted and well-designed study.
Accordingly, the detected metabolites will not be explained in detail because they can be found in
recently published studies.
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Secondary metabolites produced by selected Fusarium spp. fungi are shown in Figure 6. The
results confirm that most of the secondary metabolite pathways are specific to the species [42]. All
three species produced aurofusarin, culmorin and sambucinol (Figure 6a—c), equisetin, gibepyron
D, fusarin C, while fusaric acid was produced only by F. verticillioides (Figure 6a). At the same
time, chrysogin, rubrofusarin, butenolid and zearalenone-sulfate were produced by F. graminearum
(Figure 6b), while beauvericin and zearalenone were produced by F. culmorum (Figure 6¢). The
aurofusarin is dimeric naphtho-y-pyrone and is produced by many ascomycetes where predation and
mechanical damage stimulate aurofusarin synthesis. It is a red pigment known from pure culture of
the fungi (Figure 6b-8)) or from maize ears that are infected with F. graminearum [43—45]. In general,
aurofusarin concentration in growth media was decreased at all isolates, except when 100 ng mL~! of
FNP was applied during F. verticillioides growth (Figure 6¢-1). Furthermore, sambucinol and culmorin
are increased in concentration, except in the case of culmorin produced by F. graminearum (Figure 6).
Culmorin is an ‘emerging toxin” with a sesquiterpene diol core structure, not so much investigated and
produced by Fusarium spp. fungi, F. culmorum (name giving) for example. Its toxicological properties
are poorly described in the literature, but the LDs is estimated for mice from 250-1000 pug kg™! BW [46].
At the moment, the role of sambucinol, a major metabolite of F. culmorum, is unknown. However,
there is evidence that culmorin can seriously affect the deoxynivalenol metabolism in mammals by
suppressing glucuronidation [47]. Equisetin is a secondary metabolite of F. verticillioides detected in
growth media after addition of 100 and 1000 ng mL~! of FNP (Figure 6a-2). It is a member of the
acyl tetramic acid family of natural products. There are reports about its biological activity as an
antibiotic and for its HIV inhibitory activity, cytotoxicity and mammalian DNA binding. For those
reasons, it is synthesised under laboratory conditions [48]. Furthermore, the observed concentrations
of gibepyron D, known for its nematocidal activity [49], were dependent upon added FNP dose
(Figure 6a-4). Fusarin C, a metabolite that shows mycoestrogenic properties [50], is slightly decreased
or unaffected in concentration after addition of ENP (Figure 6a-6). Fusaric acid (Figure 6a-7), picolinic
acid derivative produced by Fusarium spp. fungi, responsible for induced programmed cell death and
altered MAPK signalling in healthy PBMCs and Thp-1 cells [51], showed an increase in concertation
after all tested FNP doses. The chrysogin, butenolid, rubrofusarin, zearalenone, beauvercin and
zearalenone-sulfate, F. graminearum and F. culmorum metabolites, were also detected in growth media,
as already mentioned. While there are no reports about chrysogin activity in the scientific literature,
butenolid is reported as a myocardial mitochondria dysfunction inducer, while rubrofusarin is a
pigment and an intermediate in the aurofusarin biosynthesis pathway [52]. Zearalenone-sulfate is a
modified form of zearalenone, which exhibits low acute toxicity, but acts as a full and partial agonist
on oestrogen receptors « and 3, and cause reproduction disorders in pigs. Moreover, it is an activator
of receptors involved in the regulation of cytochrome P450 isoforms in vitro. Due to that, it potentially
affects the phase I metabolism of various endo- and xenobiotics [53]. Beauvericin is a nonribosomal
cyclic hexadepsipeptide that possesses insecticidal properties and which can induce apoptosis of
mammalian cells [54]. Beauvericin and rubrofusarin concentrations were increased by FNP, while
chrysogin, butenolid, zearalenone and zearalenone-sulfate concentrations were decreased in growth
media due to FNP presence (Figure 6b,c).

4. Conclusions

The exposure of FNP directly affected mycotoxin concentrations in important foodborne fungi,
indicating that FNP definitely modulates fungal secondary metabolism. Our findings support the
continued study of FNP impact on mycotoxigenic fungal species. Future studies will explore gene
expression, as well as the oxidative status of fungal cells. This will allow us to confirm that the FNP
effect on fungi is concentration-dependent and that due to oxidative status, modulation of the cells
changes the secondary metabolite profile. This will be helpful in establishing a scientific outline on the
nature of the FNP-fungi interaction, and the exact impact FNP will have on food safety.
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5. Materials and Methods

5.1. Chemicals

Acetonitrile and methanol (both HPLC grade) were obtained from Merck (Darmstadt, Germany).
Ammonium acetate, glacial acetic acid (p.a.), MOPS, and RPMI 1640 medium were purchased from
Sigma-Aldrich (Vienna, Austria). Sodium hydroxide was purchased from Panreac (Barcelona, Spain).
For ultrapure water preparation, a Purelab ultra system (ELGA LabWater, Celle, Germany) was used.
Standards used in the study were prepared according to Malachova et al. [55] and were collected
from various research groups, or purchased from the following commercial sources: Romer Labs®
Inc. (Tulln, Austria), Sigma-Aldrich (Vienna, Austria), Iris Biotech GmbH (Marktredwitz, Germany),
Axxora Europe (Lausanne, Switzerland) and LGC Promochem GmbH (Wesel, Germany).

5.2. Fullerol C4o(OH),4 Synthesis, Preparation and Characterisation of Nanoparticle Solution

Reagents used in the process of synthesis of fullerol Cg(OH)p4 nanoparticles (FNP) were all
analytical grade (Cgg (99.8% purity), Brp, NaOH and C,HsOH). ENP were synthesised in a two-step
synthetic protocol. First, polybromine derivative was synthesised by the reaction of polybromination
of Cgp by Bry using FeClj as a catalyst, with the aim to obtain polybrominated derivative CgBry4 as
described in the paper by Djordjevic et al. [56]. The second step included the complete substitution of
bromine atoms with OH groups which were achieved in alkaline media by the use of NaOH solution.
This procedure was followed by repetitive rinsing of the obtained mixture with ethanol, removing
the residual components, and elution with demineralised water, according to the procedure given by
Mirkov et al. [57]. The final solution of FNP in water was dried under low pressure until the dark
brown powder of the desired substance was obtained. For the purpose of further experiments the
calculated amount of FNP powder was dissolved in demineralised water (pH = 6.5), sonicated for
15 min, after which the final solution at a concentration of 10 ppm was obtained.

In order to obtain more complete insight concerning FNP distribution, and to complement the
results of DLS measurements, we performed transmission electron microscopy analyses of aqueous FNP
solution. The measurements were conducted on a JEM 1400 microscope operating at an accelerating
voltage 120 kV, using a horizontal field width of 173.9 nm and magnification of 300,000x. A few drops
of FNP water solution sample were applied to copper grid 300 mesh, then dried at standard room
temperature and measured.

DLS was used for determination of the hydrodynamic mean diameter of the particles, while zeta
potential measurements were conducted for particles surface charge determination. All measurements
were performed on a Zetasizer Nano ZS (Malvern Instruments Inc., Malvern, UK), at 633 nm
wavelength and 173° measurement angle (backscatter detection) in water solution at room temperature.
DLS measurements were conducted in triplicate, and zeta potential measurements were performed
in duplicate.

5.3. Tested Fungal Strains, Inoculum Preparation and Cultivation

Fungi used in this study are major producers of mycotoxins and food contaminants [12,58]:
Fusarium verticillioides (CBS119.825), Fusarium graminearum (CBS 110.250), Fusarium culmorum (IFA 104),
Aspergillus flavus (NRRL 3251), Alternaria alternata (WT) and Penicillium expansum (CBS 325.48).

Inoculum preparation was performed, according to Jerkovi¢ et al. [59]. The number of conidia
in the stock suspension was adjusted on 10° CFU mL~! by using a Biirker-Tiirk counting chamber
(Haemocytometer), and checked by inoculating the dilutions to PDA agar. Working 2 X conidia
suspension was prepared by diluting 200 uL of stock suspension into 10 mL of RPMI 1640 medium.

Tested fungi were cultivated in the RPMI 1640 medium, buffered with 0.164 M MOPS (34.53 g L™1)
and adjusted to pH 7.0 with (1 M) NaOH, as recommended by the National Committee for Clinical
Laboratory Standards. The medium was sterilised by filtration using a 0.22 um bottle top filter. Sterile
clear polystyrene microtiter, plates (96 U-shaped wells; Ratiolab, Dreieich, Germany) were used in the
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microdilution test and inoculated media was amended with sterile FNP stock solution (10 mg mL™) to
a final concentration of 0, 1, 10, 100 and 1000 ng mL~! of ENP solution.

After inoculation plates were incubated at 29 °C in an atmospheric incubator in darkness. The
72 h incubation period was needed to read plates on a microplate reader at 450 nm (Azure boisystems,
Ao absorbance microplate reader, Dublin, CA, USA). Minimal inhibitory concentration for 50% cell
death (MIC50) was defined as the lowest concentration reducing the optical density by 50% at 450 nm
compared with growth control.

5.4. Determination of Fungal Secondary Metabolites in Culture Media

The metabolites produced by tested fungi in culture media were determined by the multi-analyte
‘dilute and shoot” LC-MS/MS method of Malachova et al. [55]. For the determination of metabolites in
growth media, a ten-fold dilution of 100 pL of the medium with a mixture of extraction solvent and
dilution solvent (1:1, v/v) in glass vials without any pre-treatment was performed.

The screening and detection of metabolites were performed, as described by Malachova et al. [55].
At least two sSRM transitions were monitored per metabolite (quantifier and qualifier), and according
to the validation guidelines, the ratio between two transitions was used as an additional identity
confirmation point. Analyst 1.7.1. was used for qualitative conformation, while Multiquant 3.0.3
(SCIEX, Vienna, Austria). was used for quantification of detected analytes.

5.5. Statistical Analysis

All data were expressed as the mean value + standard error of the mean (SEM) from three
separate experiments. The pooled datasets were checked for normality distribution by Shapiro-Wilk
test and compared by nonparametric statistics methods (Friedman ANOVA and Kendall coefficient
of concordance; Kruskal-Wallis ANOVA). The programme package Statistica 13.1 (TIBCO Software
Inc., Palo Alto, CA, USA) was used, and differences were considered significant when the p-value
was <0.05. For the drawing of the Sankey diagrams Flourish studio was used (Flourish Studio, Kiln
Enterprises Ltd., London, UK).
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